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FOREWORD 
PP 
T h i s  i s  Report No. IITRI-B6058-40 of IITRI P r o j e c t  
B6058 under Cont rac t  NAS7-431, e n t i t l e d  "P ro t ec t ive  Coat ings  f o r  
Re f rac to ry  Metals  i n  Rocket Engines,"  and covers  work performed 
du r ing  the  pe r iod  1 3  January 1968 t o  1 3  March 1969. Also summar- 
i zed  i n  t h i s  r e p o r t  i s  informat ion inc luded  i n  previous  r e p o r t s  
~ 6 0 5 8 - 2 6  and B6058-13. 
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as P r o j e c t  Engineer on t h i s  program. The coopera t ion  of R .  Cannwa 
of  t h e  J e t  Propuls ion  Laboratory,  P r o j e c t  Monitor, i s  g r a t e f u l l y  
acknowledged. Y .  Harada of  t h e  Ceramics Research Div i s ion ,  IITRI,  
and D r .  E .  V .  Clougherty of ManLabs, Inc  . , k ind ly  supp l i ed  carbide- 
g r a p h i t e  composites and b o r i d e s ,  r e s p e c t i v e l y ,  f o r  c o r r o s i o n  e v a l -  
u a t  i o n .  
Data a r e  recorded i n  IITRI Logbooks C16959, C17539, and 
C17767. 
V .  L .  H i l l  
Manager, Coatings Research 
N .  M .  Par ikh  
D i r e c t o r ,  Metals  Research 
ABSTRACT 
The ob jec t ive  of t h i s  program i s  t o  develop coat ing 
systems of r e f r a c t o r y  metals f o r  use on rocket  nozzles f o r  l i q u i d  
p rope l l an t s  containing both f luor ides  and oxygen. 
Tungsten, i r id ium,  I r -33  w/o Re, rhenium, ATJ g r a p h i t e ,  
HfC-20 v/o C ,  TaC-20 v /o  C ,  and ZrB2-Sic-C were evaluated i n  oxy- 
gen, f luor ine ,  hydrogen f l u o r i d e ,  fluorine-oxygen, and hydrogen 
fluoride-oxygen atmospheres a t  3000"-5500°F. In a l l  environments 
i r id ium and iridium-33Re had the  lowest recess ion  r a t e s  t o  t h e i r  
r e spec t ive  melting poin ts  of 4450°F and 4750°F; rhenium had t h e  
lowest recess ion  r a t e s  i n  t h e  combined environments a t  5 0 0 0 ' ~ .  
Mater ials  which form s o l i d  oxides were not  r e s i s t a n t  t o  the com- 
bined environments. 
Development of Ir-Re/Re duplex coat ings by s l u r r y  tech-  
niques was inves t iga ted  based on previous work on I r / ~ e  duplex 
coat ings .  S in te r ing  s t u d i e s  showed t h a t  Ir-20Re coat ings could 
be developed using t h e  same technique used f o r  unalloyed i r id ium.  
S in te red  carbide coat ings based on Hf-1OTa f o r  use on 
Ta-1OW s u b s t r a t e s  were inves t iga ted ,  High dens i ty  coat ings could 
not  be s i n t e r e d  a t  carbon contents  above 4.5 w/o carbon. A duplex 
coat ing  process and subsequent ca rbur iza t ion  was e f f e c t i v e  i n  pro- 
ducing 20 m i l  coat ings with carbon contents  above 5.5  w / ~ .  
Eight rocket  nozzles were coated f o r  engine f i r i n g  t e s t s .  
Four of these  nozzles a r e  t o  be f i r e d  i n  hydrazine-nitrogen t e -  
t rox ide ,  and t h e  remaining i n  a  fluorine-containing p rope l l an t  
system. Tungsten nozzles coated with Ir ,  1 r / ~ e ,  and 1r-20Re/Re 
and Ta-1OW nozzles with Ir/Re and (Hf-1OTa)C duplex coat ings have 
been submitted. 
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PROTECTIVE COATINGS FOR 
-b_------..-------- 
REFRACTORY METALS I N  ROCKET ENGINES 
------------------ 
I .  INTRODUCTION -- 
The o b j e c t i v e  of t h i s  program was t o  i n v e s t i g a t e  and 
develop m a t e r i a l s  and c o a t i n g  systems f o r  use  i n  l i q u i d  rocke t  
combus t i o n  products  a t  temperatures above 4000°F. Cur ren t  em- 
phas i s  i s  on t h e  developmznt of m a t e r i a l  systems f o r  use  i n  the  
combus t i o n  produc ts of f l u o r i n e  f u e l s .  These environments r e -  
q u i r e  m a t e r i a l s  capable  of r e s i s t i n g  the  combined e f f e c t s  of  
bo th  f l u o r i n e  compounds and oxygen. E f f o r t  i n  t h i s  program was 
in tended t o  d e f i n e  t he  r e f r a c t o r y  m a t e r i a l s  capable  of w i th -  
s t and ing  these  environments a t  temperatures above 4 0 0 0 ° ~ .  Sub- 
sequent ly ,  the  c o m p a t i b i l i t y  d a t a  was t r a n s l a t e d  i n t o  the  de -  
velopment of processes  f o r  f a b r i c a t i n g  rocke t  nozzles  of r e s i s  t a n t  
m a t e r i a l s  f o r  rocke t  engine f i r i n g  t e s t s .  
E f f o r t  was d i r e c t e d  toward fou r  t a sks :  (1) c o r r o s i o n  
t e s  t s  of  s e l e c t e d  m a t e r i a l s  i n  oxygen, f l u o r i n e ,  hydrogen f l u o r i d e ,  
f luor ine-oxygen,  and hydro5en fluoride-oxygen environments, 
(2)  development of Ir-33Re/Re duplex coa t ings ,  (3) development of 
c a r b i d e  c o a t i n ~ s ,  and (4) c o a t i n g  of smal l  rocke t  nozz les .  These 
tasks  were ex tens ions  o f  previous work t o  d e f i n e  ma te r i a l s  and 
coa t i n ?  sys  terns f o r  use  i n  combined f luorine-oxygen environments. 
The coa t ings  appl ied  t o  rocke t  nozz le  components f o r  eva lua t ion  
i n  hydrocarbon and f l u o r i n e  engines were based on coa t ings  de-  
veloped du r ing  previous and c u r r e n t  work. 
Eva lua t ion  of  m a t e r i a l s  i n  f luorine-oxygen and hydrogen 
f luoride-oxygen e n v i r ~ n m ~ z n t s  ex tended the  work i n  f l u o r i n e  and 
hydrogen f l u o r i d e  atmospheres t o  t he  combined environments . Ma - 
t e r i a l s  eva lua ted  included g r a p h i t e s ,  g r aph i t e - ca rb ide  zomposites,  
bo r ides ,  i r i d ium,  rhenium, and iridium-rhenium a l l o y s ,  I n  t hese  
e v a i u a e i o n s ,  t u n g s t e n  was used a s  t h e  r e f e r e n c e  m a t e r i a l  because  
o f  i t s  lower c o s t  and because  of  e x t e n s i v e  d a t a  avai1abJe on 
f l u o r i n e  c o r r o s i o n .  The exposure  t empera tu res  and f l u o ~ i w e -  
oxygen r a t i o s  were  based on d a t a  on t h e  combus t i o n  p r o d u c t i  o f  
t y p i c a l  f l u o r i n e - c o n t a i n i n g  p r o p e l l a n t  sy s t ems .  
E f f o r t  on Ir-33Re/Re dup lex  c o a t i n g s  was an e x t e n s i o n  
o f  p rev ious  work on I r / ~ e  duplex c o a t i n g s ,  I n  t h e  l a t t e r ,  a d d i -  
t i o n  o f  a p p r e c i a b l e  amounts of  rhenium a l t e r e d  t h e  s i n t e r i n g  
c h a r a c t e r i s t i c s  o f  t h e  Ir-33Cu s l u r r y  used f o r  i r i d i u m  c o a t i n g s .  
The I r -Re  c o a t i n g s  2 e n e r a l l y  con t a ined  p o r o s i t y  t h a t  was n o t  p r e -  
s e n t  i n  t h e  i r i d i u m  c o a t i n g s  of  t h e  same s l u r r y  composi t ion ,  and 
under  t h e  same s i n t e r i n g  c o n d i t i o n s .  Mod i f i c a t i ons  o f  t h e  me t a l -  
l i c  v e h i c l e  c o n c e n t r a t i o n s  and s i n t e r i n g  c o n d i t i o n s  r e q u i r e d  t o  
o b t a i n  h i g h - d e n s i t y  I r -33Re c o a t i n g s  were  i n v e s t i g a t e d .  
Developm'3nt o f  c a r b i d e  c o a t i n z s  was an  e x t e n s i o n  o f  t h e  
f e a s i b i l i t y  s t u d i e s  conducted on hafnium c a r b i d e  based coa t i n 3 s  
( I ITRI  -B6058-26). S l u r r y  coa-ting s t u d i e s ,  i n  which s i l i c o n  was 
t h e  m e t a l l i c  v e h i c l e ,  eva lua t ed  t h e  e f f e c t  o f  s l u r r y  compos i t ion ,  
powder p a r t i c l e  s i z e ,  and s i n t e r i n g  c o n d i t i o n s  on c a r b i d e  c o a t -  
i n g s ,  p a r t i c u l a r l y  t h o s e  a t  5-6 w t %  C .  The o 5 j e c t i v e  was t o  de -  
ve lop  dense  c o a t i n g s  i n  t h e  10  t o  20 m i l  r ange ,  based on HfC and 
madif ied  w i t h  TaC o r  o t h e r  a d d i t i o n s  which improve t h e  o x i d a t i o n -  
c o r r o s i o n  behav io r .  
11, EXPERIMENTAL PROCEDURE Am RESULTS 
------ ---------PP 
A .  Oxida _________-_.___I__C_3y t i on -Cor ro s ion  T e s t a  
P r i o r  t o  t h i s  program, ve ry  l i m i t e d  d a t a  were a v a i l a b l e  
i n  l i t e r a t u r e  on t h e  c o r r o s i o n  of  r e f r a c t o r y  m a t e r i a l s  i n  f l u o r i n e  
o r  hydrogen f l u o r i d e .  A review of  t h e  a v a i l a b l e  i n f o r m a t i o n  was 
p r e sen t ed  p r e v i o u s l y  i n  IITRI -B6058 -13. Most o f  t h e  d a t a  were 
f o r  ox ide s ,  s;raphite,  o r  -the r e f r a c t o r y  me ta l s  tanta lum and tung- 
s  t e n ,  and were s e n e r a l l y  ob ta ined  i n  s t a t i c  t e s t s  o r  by thermody- 
namic c a l c u l a t i o n s .  Comprehensive da t a  on c o r r o s  i on  a t  h i g h  ga s  
v e l o c i t i e s  and /o r  over  a  r a n g e  o f  t empera tu res ,  d i d  n o t  e x i s t .  
During p rev ious  phases  i n  t h i s  program, a  number o f  re- 
f r a c t o r y  m a t e r i a l s  were e v a l u a t e d  i n  h i g h - v e l o c i t y  f l u o r i n e  and 
hydro2en f l u o r i d e  environments a t  2500 t o  5200°F. M a t e r i a l s  
eva lua t ed  i n c l u d e  r e f r a c t o r y  me ta l s  and a l l o y s ,  y a p h i t e s ,  c a r -  
b i d e s ,  b o r i d e s ,  and c o n p o s i t e  m a t e r i a l s .  The m a j o r i t y  o f  t h e s e  
t e s  t s  were conduc teii i n  argon-6.5% f l u o r i n e  and argon-10% hydro-  
pen f l u o r i d e .  Gene ra l l y ,  t h e  r e s u l t s  demonst ra ted  t h a t  t h e  c o r -  
'2 
r o s i o n  r a t e  o f  most m a t e r i a l s  was l e s s  i n  hydrogen f l u o r i d e  than  
i n  f l u o r i n e .  Also ,  many m a t e r i a l s  e x h i b i t e d  d e c r e a s i n g  c o r r o s i o n  
r a t e  w i t h  i n c r e a s i n g  t empe ra tu r e  i n  f l u o r i n e  a t  a  c o n s t a n t  g a s -  
f low r a t e .  T h i s  e f f e c t  was due t o  a  d e c r e a s e  i n  t h e  s t a b i l i t y  of  
t h e  f l u o r i d e  r e a c t i o n  p roduc t s  a t  h i g h  t e ape ra  t u r e s  . 
Cor ros ion  t e s t i n g  d u r i n g  t h e  c u r r e n t  program c o n s i s t e d  
of  t h e  fo l l owing :  
Ex tens ion  o f  c o r r o s i o n  d a t a  f o r  s e l e c t e d  
m a t e r i a l s  i n  f l u o r i n e  and hydrogen f l u o -  
r i d e  t o  h i g h e r  t empera tu res  t han  p r e v i -  
ous l y  inves  t i g a  t ed  . 
Measurement o f  t h e  r a t e  o f  o x i d a t i o n  o f  
t h e s e  m a t e r i a l s  a t  3000-5800°F. 
E v a l u a t i o n  o f  t h e s e  m a t e r i a l s  i n  combined 
f l uo r ine -oxygen  and hydrogen f l u o r i d e -  
oxygen a tmospheres .  
Co r ro s ion  d a t a  p r e v i o u s l y  ob t a ined  i n  f l u o r i n e  and hy- 
d rozen  f l u o r i d e  were l i m i t e d  t o  4 0 0 0 " ~  f o r  nonmetals  and abou t  
5 2 0 3 " ~  f o r  r e f r a c t o r y  m e t a l s .  Th i s  was due t o  t h e  i n p u t  power o f  
t h e  2 . 5  kw i n d u c t i o n  u n i t .  
Cu r ing  t h e  c u r r e n t  program, a  5  k~s i n d u c t i o n  u n i t  was 
i n s t a l l e d  i n  t h e  f l u o r i n e  c o r r o s i o n  t e s t  f a c i l i t y .  Th i s  pe rmi t -  
t ed  e v a l u a t i o n  of  g r a p h i t e ,  c a r b i d e s ,  and b o r i d e s  a t  t empera tu res  
t o  500O0F, and r e f r a c t o r y  me ta l s  t o  abou t  5800°F. Accord ing ly ,  
c o r r o s i o n  d a t a  i n  6 . 5  v /o  f l u o r i n e  and 10 v /o  hydrogen f l u o r i d e  
were ob t a ined  up t o  t h e s e  t empera tu res  o r  t o  t h e  me l t i ng  p o i n t s  
f o r  t h e  m a t e r i a l s  e v a l u a t e d  i n  t h e  c u r r e n t  program. 
Measurement of oxida t ion  r a t e s  was intended t o  provide a  
means of comparison of  t h e  su r face  recess ion  r a t e s  i n  t h e  ind iv id -  
ua l  gases  with the  combined atmospheres. Oxidation d a t a  e x i s t e d  
i n  t h e  l i t e r a t u r e  f o r  t h e  tungsten and g r a p h i t e  ma te r i a l s  t e s t e d  
i n  t h i s  program. However, these  da ta  d id  not  include t h e  tempera- 
t u r e  ranges,  gas flow r a t e s ,  or oxygen pressures  of i n t e r e s t .  
Therefore,  a l l  of t h e  ma te r i a l s  evaluated i n  t h i s  program were ex- 
posed i n  argon conta in ing  0.56 t o  5.4 v/o oxygen a t  temperatures 
t o  5800°F. As w i l l  be d iscussed  subsequently,  t h e  oxygen concen- 
t r a t i o n s  employed were predica ted  on the  volumetric concent ra t ions  
used f o r  the  combined t e s t s ,  
The environments s e l e c t e d  f o r  eva lua t ion  of ma te r i a l s  i n  
combined fluorine-oxygen and hydrogen fluoride-oxygen were based 
on both  t h e  previous d a t a  i n  f l u o r i n e  and hydrogen f l u o r i d e  and i n -  
formation on t h e  r e a c t i o n  products of O F ~ / B ~ H ~  combustion obtained 
from t h e  J e t  Propulsion Laboratory,  In  t h e  combined t e s t s ,  f luo-  
r i n e  and hydrogen f l u o r i d e  concent ra t ions  were f ixed  a t  6.5 and 10 
v /o ,  r e s p e c t i v e l y ,  t o  provide a  comparison wi th  previous corros ion  
da ta .  Oxygen r a t i o s  were then s e l e c t e d  based on combustion da ta  
f o r  an O F ~ / B ~ H ~  engine opera t ing  a t  a  chamber pressure  of 100 p s i  
and mixture r a t i o s  of 4  and 6. These mixture r a t i o s  correspond t o  
maximum s p e c i f i c  impulse and maximum flame temperature,  r e spec t ive -  
l y .  Under these  combustion condi t ions ,  t h e  r a t i o s  of the  mole 
f r a c t i o n s  of hydrogen f l .uor ide  t o  atomic oxygen were 2 0 : l  and 4 : l  
f o r  mixture r a t i o s  of 4  and 6,  r e s p e c t i v e l y .  The corresponding r a -  
t i o s  of atomic f l u o r i n e  t o  atomic oxygen were 1 . 6 : l  and 1 . 2 : l .  Com- 
bining these  r a t i o s  with t h e  f ixed  concent ra t ions  of 6 .5  v /o  f luo-  
r i n e  and 10 v /o  hydrogen f l u o r i d e ,  t h e  oxygen concent ra t ions  were, 
t h e r e f o r e ,  0.56 and 2 . 3  v /o  i n  t e s t s  with 10 v /o  hydrogen f l u o r i d e ,  
and 4 .0  and 5 .4  v/o i n  t e s t s  with 6.5 v /o  f l u o r i n e .  These r a t i o s  
were used f o r  a l l  combined fluorine-oxygen and hydrogen f l u o r i d e -  
oxygen t e s t s .  A summary of volumetric concent ra t ion ,  and cor re -  
sponding flow r a t e s ,  f o r  a l l  oxidat ion-corrosion atmospheres i s  
presented  i n  Table I ,  Since a l l  t e s t s  were a t  a  t o t a l  flow r a t e  of 
10 c f h ,  conversion of vol.ume present  t o  flow r a t e  i n  c f h  i s  ob- 
t a ined  by simply d iv id ing  by 10. 
TABLE I 
COMPOSITION OF ATMOSPHERES 
EMPLOYED FOR OXIDATION-CORROSION TESTS 
Corrodent Corrodent Gas Flow Rate ,  c fh  
T e s t  Concent ra t ion ,  F luo r ine  o r  
Atmosphere V/ oik Hydrogen F l u o r i d e  Oxygen 
Oxygen 
F luo r ine  
Fluorine-Oxygen 6.5F2-4.00, 
L 
0.65 
+ ~ o t a l  f low r a t e  10 c fh .  
.I, 
I\ 
Remainder argon.  
1. Tes t i  ethods 
During previous  work on t h i s  program, a  t e s t  f a c i l -  
i t y  was cons t ruc t ed  capab le  of  e v a l u a t i n g  the  c o r r o s i o n  r e s i s t -  
ance o f  r e f r a c t o r y  m a t e r i a l s  i n  f lowing f l u o r i n e  a t  temperatures  
t o  5200°F under v a r i a b l e  f low c o n d i t i o n s .  This f a c i l i t y  and t h e  
tes t  methods developed p rev ious ly  were a l s o  employed f o r  c o r r o -  
s i o n  t e s t s  i n  t h i s  program. The t e s t  f a c i l i t y  i s  shown i n  F i e  
u r e  1. Tes t  samples 0 . 5  x 0 .5  x 0.125 i n .  t h i c k  were hea ted  by 
s e l f  -indue t ance  i n  a  th ick-wal led  s t a i n l e s s  s  t e e 1  chamber u s ing  
a  2.5 kw i n d u c t i o n  u n i t .  Thus, t h e  maximum temperature  l i m i t  
was de f ined  by t h e  m a t e r i a l  under t e s t  and the  i n p u t  power. Met- 
a l s  w e r e  t e s t e d  a t  temperatures  t o  5 2 0 0 ' ~  and nonmeta l l i c  ma te r i -  
a l s  ( c a r b i d e s ,  g r a p h i t e )  t o  lcOOO°F. A 5  kw induc t ion  u n i t  was 
i n s t a l l e d  i n  t h e  c o r r o s i o n  f a c i l i t y  du r ing  t h e  c u r r e n t  program. 
This mod i f i ca t ion  permi t ted  t e s t i n g  of  metals  t o  about 5800°F, 
and nonmetals t o  about 5 0 0 0 " ~ .  Temperature measurements were 
made o p t i c a l l y  through a  top  s i g h t  g l a s s  which permit ted v i s u a l  
obse rva t ion  of specimen d e t e r i o r a t i o n  du r ing  exposure.  
A schematic diagram o f  t he  t e s t  chamber i s  shown i n  
F i g u r e  2.  Argon and t h e  c o r r o s i v e  gases  a r e  metered i n  p r e c i s i o n  
f low meters  and premixed b e f o r e  e n t e r i n g  the  nozz l e  assembly. 
F l u o r i n e  i s  passed through a sodium b i f l u o r i d e  t r a p  t o  remove r e -  
s i d u a l  hydrogen f l u o r i d e  p r i o r  t o  e n t e r i n g  the  f l u o r i n e - f l o w  
meter .  This i s  necessary  t o  e l i m i n a t e  r e a c t i o n  w i t h  t he  pyrex 
f low meter .  Kel  F  flow meters a r e  used f o r  meter ing hydrogen 
f l u o r i d e .  The nozz l e  assembly c o n s i s t s  oiE th ick-wal led s t a i n l e s s  
tub ing  swaged t o  o b t a i n  a  0,036 i n .  e x i t  nozz l e ,  During t e s t i n g ,  
t h e  nozz l e  e x i t  was main ta ined  a t  a d i s t a n c e  of  1 i n ,  from t h e  
t e s t  specimen. Tes t  specimens a r e  supported i n  t h e  i nduc t ion  
c o i l  by a  0.125 i n .  tungs ten  rod ,  which i s  s p l i t  t o  minimize t h e  
c o n t a c t  a r ea  and s t a b i l i z e  t h e  t e s t  specimen. E x i t i n g  r e a c t i o n  
produc ts  a r e  passed through an a c t i v a t e d  c h a r c o a l  abso rp t ion  
column p r i o r  t o  exhaus t ing  through a  l a b o r a t o r y  hood. 
Neg. No. 30766 
F i g .  1 - Equipment f o r  F l u o r i n e  Corrosion Experiments. 
Fig. 2 - Schematic Diagram of Fkuorine Reaction Chamber. 
The following condit ions f o r  cor ros ion  t e s t s  were con- 
s t a n t  during most of the  t e s t s :  (1) nozzle  d i s t ance ,  I i n .  ; (2 )  
t o t a l  flow r a t e ,  10 c f h ;  (3) exposure time, 5  min; and (4) nozzle  
e x i t  v e l o c i t y ,  400 f p s .  Deviations were made only i n  s p e c i f i c  
cases  where t h e  e f f e c t s  of v a r i a t i o n s  were examined. shThe t e s t  
procedure was cons tant  f o r  t h e  var ious corros ion  t e s t s .  Tes t  Sam- 
p l e s  were hea ted  t o  the  exposure temperature with only the  argon 
flowing. Af ter  s t a b i l i z a t i o n  of the  sample temperature, t h e  f l u -  
o r i n e ,  hydrogen f l u o r i d e ,  and/or oxygen was introduced. Normally, 
t h i s  d i d  not  r e s u l t  i n  s i g n i f i c a n t  v a r i a t i o n  of the  sample temper- 
a t u r e  s i n c e  argon represented  t h e  major por t ion  of t h e  gas stream. 
In some cases ,  i t  was necessary t o  reduce t h e  exposure time t o  3 
min because of ex tens ive  a t t a c k  of t h e  t e s t  sample, but t h i s  gen- 
e r a l l y  occurred only i n  t e s t s  with t h e  h ighes t  concent ra t ions  of 
fluorine-oxygen. I t  i s  p o s s i b l e  t h a t  t h e  s h o r t e r  exposure time 
may have inf luenced da ta  s c a t t e r  f o r  some of the  ma te r i a l s .  On 
t h e  o the r  hand, increased exposure times were a l s o  employed f o r  
i r i d i u m  a l l o y s  because of very low weight l o s s .  Exposure times 
of up t o  10 min were used f o r  t h e s e  a l l o y s  t o  bbta in  a higher  t o -  
t a l  weight l o s s  f o r  recess ion  r a t e  c a l c u l a t i o n s .  
The su r face  recess ion  r a t e s  contained i n  t h i s  r e p o r t  
were c a l c u l a t e d  from weight l o s s  of t h e  normally 0.5 x  0.5 x  0.125 
i n .  t h i c k  t e s t  samples, assuming a  l i n e a r  time dependence of t h e  
weight l o s s .  Surface recess ion  r a t e s  were the re fo re  obtained by 
t h e  following c a l c u l a t i o n :  
Aw Recession r a t e  (mils/min) = 2.54 A p t  x 10 3  
where 
nw = weight l o s s  (g) 
3 p = a c t u a l  sample dens i ty  (g/cm ) 
2 A = e f f e c t i v e  sample a rea  (cm ) 
t = exposure time (min) 
The e f f e c t i v e  su r face  a rea  was obtained using one of t h e  
0.5 x 0 ,5  i n ,  su r faces  ( loca t ion  of d i r e c t  gas impingement) and 
t h e  four  0 ,5  x 0.125 i n .  edges of t h e  t e s t  sample, This i s  con- 
s i s t e n t  with t h e  observed l o c a t i o n  of a t t a c k  on a11 t e s t  samples, 
Attack of the  corrodent  gases was usual ly  not  uniform over the  t e s t  
sample; m a t e r i a l  removed wss maximum a t  t h e  cen te r  of t h e  0.5 x 
0.5 i n ,  su r face  where d i r e c t  gas impingement occurred. Thus, t e s t  
samples tended t o  have a  concave top  su r face  a f t e r  exposure. This 
concave top s u r f a c e  i s  descr ibed a s  "cra ter ing"  i n  t h e  following 
d i scuss ion ,  
The e f f e c t  of nozzle  d i s t ance  on the  s u r f a c e  recess ion  
of tungsten i n  argon-6.5 v/o f l u o r i n e  a t  4000°F i s  summarized i n  
Table I1 and p l o t t e d  i n  Figure 3. A s  expected, t h e  corros ion  r a t e  
inc reases  with decreasing nozzle  d i s t ance ,  s i n c e  l e s s  bypass and 
h igher  gas v e l o c i t y  should obta in  a t  a  decreased nozzle  d i s t ance .  
The r e s u l t s  i n d i c a t e  t h a t  only minor v a r i a t i o n s  i n  corros ion  r a t e s  
e x i s t e d  f o r  nozzle  d i s t ances  of around 1 i n .  Therefore,  a  1 i n .  
t o r c h  d i s t a n c e  f o r  samples near  t h e  nominal s i z e  i s  optimum t o  ob- 
t a i n  t h e  o b j e c t i v e  of t h e  h ighes t  poss ib le  gas v e l o c i t y  and nozzle  
l i k e .  A t  t he  1 i n .  nozzle  d i s t ance  the  gas v e l o c i t y  across  the  
sample su r face  should be only s l i g h t l y  l e s s  than the  nozzle  e x i t  
v e l o c i t y  (400 f p s ) .  
Also p l o t t e d  i n  Figure 3 i s  t h e  maximum recess ion  r a t e  
obtained by micrometer measurements of t h e  minimum thickness  of t h e  
t e s t  samples a f t e r  exposure. Although these  measurements a r e  prob- 
11 ab ly  not  a s  accura te  a s  weight l o s s ,  i t  i s  apparent t h a t  c r a t e r -  
ing" increases  r a p i d l y  a t  d i s t ances  l e s s  than 1.5 i n .  This sug- 
g e s t s  t h a t  the  f luor ine- tungs ten  r e a c t i o n  r a t e s  a r e  very rapid .  I f  
t h i s  were not  t h e  case ,  c r a t e r i n g  would be l e s s  s i g n i f i c a n t  s i n c e  
m a t e r i a l  removal would tend t o  be more uniform over t h e  t e s t  sample, 
The f a c t o r  f o r  conversion from t h e  average su r face  recess ion  t o  t h e  
maximum depth f o r  a  1 i n .  nozzle  d i s t ance  i s  approximately 2.5 t o  3 .  
This value compares reasonably we l l  f o r  most of t h e  ma te r i a l s  t e s t e d  
i n  t h i s  program, a t  l e a s t  f o r  those ma te r i a l s  with average corros ion  
r a t e s  above approximately 1 .5  milslmin, 
TABLE I1 
EFFECT OF NQZZLE DISTANCE 
ON THE CORROSION RATE OF TUNGSTEN 
I N  ARGON-6.5 v/o FLUORINE MIXTURES AT 4000°F>k 
Maximum 
Calculated Measured 
Nozzle Weight Spec i f i c  Average Surface Surface 
Distance,  Loss, Weight Loss, Recession Rate, 
CI 
Recession, 
i n .  g mg/cmL/min mils/min mils  /min 
7k T o t a l  flow r a t e  10 c f h ;  f l u o r i n e  flow r a t e  0.65 cfh .  
MEASURED MAXIMUM 
A RECESSION RATE 
CALCULATED AVERAGE 
* RECESSION RATE 
I 2 3 
N O Z Z L E  DISTANCE,  in,  
Fig. 3 - Effect of Nozzle Distance on the Corrosion 
Rate of Tungsten in Argon-6.5 "10 Fluorine. 
Figure 3 i n d i c a t e s  t h e  d i f f i c u l t y  i n  measuring t h e  co r -  
ros ion  r a t e  of gas-metal r e a c t i o n s  by micrometer measurement of 
t h e  su r face  recess ion  on a  f l a t  t e s t  sample. The geometry of t h e  
t e s t  sample becomes important i n  the  r ecess ion  r a t e  determinat ion.  
I I Obviously, one reason f o r  t h e  observed c r a t e r i n g "  i s  t h e  gas 
stream-sample geometry r e l a t i o n s h i p  f o r  a  f i x e d  L/d r a t i o  nozzle .  
A s  t h e  nozzle  d i s t a n c e  i s  decreased, t h e  a r e a  of p ro jec t ion  of 
t h e  major por t ion  of t h e  gas stream on t h e  t e s t  sample is  a l s o  
decreased. Furthermore, flow through the  nozzle  i s  probably not  
uniform; a  v e l o c i t y  g rad ien t  e x i s t s  across  t h e  nozzle .  Both of 
these  f a c t o r s  r e s u l t  i n  a  decrease i n  t h e  concent ra t ion  of unre- 
ac ted  f l u o r i n e  a t  t h e  edges of t h e  t e s t  sample. Since the  co r ro -  
s i o n  r a t e  i s  a  funct ion  of t h e  f l u o r i n e  mass-flow r a t e  and t h e  
r e a c t i o n  r a t e s  a r e  apparent ly  r a p i d ,  p r e f e r e n t i a l  a t t a c k  occurs 
a t  t h e  cen te r  of the  t e s t  sample where t h e  f l u o r i n e  concent ra t ion  
i s  a t  a  maximum. This w i l l  occur i f  t h e  r e a c t i o n  time i s  small  
compared t o  t h e  dwell time of f l u o r i n e  molecules on t h e  r e a c t i o n  
su r face .  
The above d iscuss ion  i n d i c a t e s  t h a t  t h e  primary parame- 
t e r  i s  t h e  flow r a t e  of f l u o r i n e  per u n i t  a rea .  Measurement of 
t h e  recess ion  r a t e  a t  the  po in t  of most r a p i d  a t t a c k  (center )  r e -  
s u l t s  i n  a recess ion  r a t e  t h a t  i s  too high i n  r e l a t i o n s h i p  t o  t h e  
average r a t e  of de l ive ry  of t h e  r e a c t i v e  gas .  A b e t t e r  measure 
of t h e  r ecess ion  r a t e  under s p e c i f i e d  flow condi t ions  i s  t o  aver-  
age t h e  corros ion  over the  e f f e c t i v e  a rea  of a t t a c k .  Obviously, 
t h i s  can l ead  t o  a  c a l c u l a t e d  r a t e  which i s  too low i f  t h e  e f f e c -  
t i v e  su r face  a r e a  of the  sample i s  such t h a t  a l l  of t h e  a v a i l a b l e  
r e a c t a n t  gas  i s  used i n  the  r eac t ion .  This i s  not  t h e  case f o r  
t h e  t e s t  condi t ions  descr ibed he re in ,  s i n c e  c a l c u l a t i o n s ,  assum- 
ing a  r e a c t i o n  product WF6, i n d i c a t e  t h a t  more than one-half of 
t h e  a v a i l a b l e  r e a c t a n t  gas remains a f t e r  r e a c t i o n  with the  t e s t  
samples. 
A summary of t h e  high-temperature ma te r i a l s  t e s t e d  dur- 
ing the  c u r r e n t  program i s  given i n  Table 111. The melting po in t s  
MATERIALS SELECTED FOR 
CORROSION AND O X I D A T I O N  EVALUATION 
-- -- - - - 
Melt ing  P o i n t  
---- - 
M a t e r i a l  O C  OF Emittance Reference 
Tungs t e n  34 10 6170 0.35 3 
Rhenium 3180 5755 0 .40  3 
I r i d i u m  2454 4450 0 .30  3 
ATJ Graph i t e  3 72 7 6 740 0 . 8 5  5 
ZrB, -Sic-C 
- 2400' 4350  0.85" 
'ES tima t e  based on decomposit ion temperature  of S i c .  
Jc 
Est imated ,  
l i s t e d  a r e  t h e  b e s t  a v a i l a b l e  da ta  f o r  t h e  var ious m a t e r i a l s .  I n  
some cases ,  accura te  melt ing po in t  d a t a  a r e  unavai lab le ,  p a r t i c u -  
l a r l y  f o r  t h e  more complex m a t e r i a l s ,  Consequently, the  l i s t e d  
va lues  f o r  t h e s e  ma te r i a l s  a r e  est imated from da ta  on t h e i r  com- 
ponents. 
Exposure temperatures f o r  f l u o r i n e  and hydrogen f luo-  
r i d e  co r ros ion  t e s t s  given i n  t h i s  r e p o r t  a r e  o p t i c a l  tempera- 
t u r e s  co r rec ted  f o r  emittance of t h e  m a t e r i a l ,  Opt ica l  cor rec-  
t i o n s  were app l i ed  t o  a l l  exposure temperatures based on t h e  
emit tance values given i n  T a b l e I I I .  I n  t h e  case  of ca rb ide  and 
bor ide  composites, accura te  emit tance d a t a  were unavai lab le .  A s  
a  r e s u l t ,  t h e  est imated emit tance may have been h igh ,as  w i l l  be 
discussed with t h e  da ta  f o r  these  m a t e r i a l s ,  
Corrosion r a t e s  i n  f l u o r i n e  and hydrogen f l u o r i d e  meas - 
ured  previous ly ,  along with a d d i t i o n a l  da ta  i n  these  gases ob- 
t a ined  i n  the  c u r r e n t  program, a r e  given i n  graphic and t a b u l a r  
form. This i s  intended t o  provide a  comparison of t h e  corros ion  
r a t e s  i n  t h e  var ious  corrodent  gases .  
A s tudy e s t a b l i s h i n g  whether t h e  corrodent  gases could 
be s a f e l y  premixed upstream of t h e  nozzle  was conducted p r i o r  t o  
fluorine-oxygen and hydrogen fluoride-oxygen corros ion  t e s t s .  
Previously,  hydrogen was i n j e c t e d  a t  t h e  nozzle  e x i t  i n  f l u o r i n e -  
h y d r o g e n t e s t s .  However, upon a t t ach ing  an i n j e c t i o n  assembly a t  
t h e  nozzle  e x i t ,  ( 2 )  lower corros ion  r a t e s  r e s u l t e d ,  apparent ly  
caused by a modif ica t ion  of t h e  gas  flow path.  Accordingly, a  
s e r i e s  of cor ros ion  t e s t s  were conducted on tungsten p r imar i ly  a t  
4000°F t o  compare t h e  corros ion  r a t e s  with premixed gases  and i n -  
j ec ted  oxygen. The oxida t ion  r a t e  was measured by introducing 
oxygen both through t h e  nozzle  and the  i n j e c t o r ,  
The r e s u l t s  of premixing and i n j e c t i o n  t e s t s  a r e  surnrna- 
r i z e d  i n  Table I V  and p l o t t e d  i n  Figure 4. Surface recess ion  
d a t a  i n  Figure 4 i l l u s t r a t e  lower corros ion  r a t e s  were obtained 
i n  t h e  combined atmosphere with t h e  i n j e c t o r  assembly. Thus, t h e  
TABLE I V  
CORROSION BEHAVIOR OF TUNGSTEN 
IN FLOWING INJECTED AND PREMIXED FLUORINE- OXYGEN(^) 
- s___ l - - - - - l ___e - - - - -~ -v - - - . -^9 - . . - . - - - . . - . - -~ - -  
----___R_---------- -- __.-Y___---__.__.___._ 
F l u o r i n e  Oxygen S p e c i f i c  Su r face  
Exposure Concen- Concen- Weight Weight Recess ion 
Temp. , t r a  t i o n ,  t r a  t i o n ,  LOSS, Loss,  Race, 
OF V / O  V / O  g mg/cm2/min mils /min 
------I_--- - - - - - - - . . . . = - - . - -~ -_U_P-  
I n  j ec t ed Oxygen (b) 
-- 
Nozzle (Premixed) T e s t s  
--------- 
( c  1 
4000 - 1.08 0.570 45.2 0.92 
4000 - 1 . 6 3  0 .671  5 0 . 1  1 .04 
4000 - 3.25 0 ,898 114.5 2.32 
4000 - 4 . 0  1.083 131.0 2.66 
( a ) ~ o t a l  flow r a t e  - 10 c f h  (400 f p s ) .  
( b ) F l u o r i n e  through nozzle--oxygen through i n j e c t o r .  
( ' ) ~ l u o r i n e  and/or  oxygen through nozz le .  
0 I 2 3 4 
O X Y G E N  C O N C E N T R A T I O N ,  v/o 
F i g .  4 - S u r f a c e  Recess ion  Ra te  o f  Tungsten  a t  4000°F i n  
I n j e c t e d  and Premixed 6 . 5  v / o  Fluorine-Oxygen . 
r e s u l t s  i n  fluorine-oxygen c o r r e l a t e d  with previous d a t a  i n  
fluorine-hydrogen. 
Since no d i f f i c u l t i e s  a rose  by premixing f l u o r i n e  and 
oxygen upstream of t h e  nozzle ,  a l l  subsequent t e s t s  i n  combined 
atmospheres, including both fluorine-oxygen and hydrogen: 
fluoride-oxygen t e s t s ,  were conducted using premixed gases .  The 
i n d i v i d u a l  gases  were metered i n  t h e i r  r e spec t ive  supply l i n e s  
and combined a t  t h e  i n l e t  of t h e  nozzle  assembly, No d i f f i c u l -  
t i e s  were encountered with t h i s  technique during e i t h e r  f l u o r i n e -  
oxygen o r  hydrogen f  luoride-oxygen t e s t s  . 
Although t h e  d a t a  i n  Figure 4 a r e  l imi ted ,  some i n t e r -  
e s t i n g  r e s u l t s  a r e  apparent i n  t h e  combined environments f o r  both 
premixed gases  and i n j e c t e d  oxygen. Addition of up t o  1 .6  v /o  
oxygen t o  6.5 v /o  f l u o r i n e  had l i t t l e  e f f e c t  on t h e  s u r f a c e  r e -  
cess ion  r a t e .  Both fluorine-oxygen curves show a  change i n  s l o p e  
a t  1 .6  v /o  oxygen, and the  s lope  above 1.6 v /o  oxygen i s  about 
equiva lent  t o  t h a t  of the  oxida t ion  curves.  Furthermore, t h e  r e -  
cess ion  r a t e  i n  the  combined environment i s  l e s s  than t h e  a lge -  
b r a i c  sum of t h e  ind iv idua l  r ecess ion  r a t e s .  These r e s u l t s  sug- 
ges ted  t h a t  a t  low oxygen concent ra t ions ,  t h e  fluorine-oxygen 
r a t i o  may be a s  important i n  t h e  corros ion  mechanism as  t h e  t o t a l  
combined flow r a t e .  
Experimental Resul ts  
Oxidation-corrosion t e s t s  were performed t o  compare t h e  
r e l a t i v e  r e s i s t a n c e  of s e v e r a l  m a t e r i a l  c l a s s e s ,  which had shown 
v a r i a b l e  behavior i n  oxygen and f l u o r i n e ,  i n  combined atmospheres 
under t h e  condi t ions  descr ibed i n  t h e  previous sec t ion .  The ma- 
t e r i a l s  s e l e c t e d  included four  r e f r a c t o r y  metals:  A T J  g r a p h i t e ,  
two g raph i t e -ca rb ide  composites, (8) and a  bor ide  composite devel-  
oped f o r  oxida t ion  and thermal shock r e s i s t a n c e .  (9 )  
The r e f r a c t o r y  metals included i r id ium,  Ir-33Re, r h e n i -  
um, and tungs ten .  I r idium and Ir-33Re were se lec ted  because both 
had previous ly  demonstrated r e s i s t a n c e  t o  f l u o r i n e  and hydrogen- 
f l ~ o r i d e  a t  high temperat.ures (2)  and were known t o  be r e s i s t a n t  
t o  oxygen. Rhenium was chosen because of i t s  usefulness  a s  an 
a l loy ing  element i n  t h e  Ir-Re system and moderate r e s i s t a n c e  t o  
f l u o r i n e  and oxygen. Tungsten was s e l e c t e d  p r imar i ly  a s  a  r e f -  
erence mate r i a l  i n  s p i t e  of poor r e s i s t a n c e  t o  both f l u o r i n e  and 
oxyg en. 
A T J  g r a p h i t e ,  HfC-33 v /o  C ,  TaC-20 v /o  C ,  and Z r B 2 -  
Sic-C, which had previous ly  been evaluated i n  f l u o r i n e  and hy- 
drogen f l u o r i d e ,  c o n s t i t u t e d  the  remaining t e s t  ma te r i a l s .  
Graphites exh ib i t ed  reasonable r e s i s t a n c e  t o  f l u o r i n e  and hydro- 
gen f l u o r i d e  but  poor r e s i s t a n c e  i n  oxygen, On t h e  o ther  hand, 
bor ides  exh ib i t ed  good r e s i s t a n c e  t o  oxygen but  f a i r  r e s i s t a n c e  
t o  f l u o r i n e .  The ca rb ide  composites--TaC-C, which forms a  low 
melt ing oxide (-3300°F), and HfC-C, which forms a high melt ing 
oxide (-5000°F) - -exhib i ted  reasonable r e s i s t a n c e  t o  f l u o r i n e  
and hydrogen f l u o r i d e .  
A s  p revious ly  s t a t e d ,  t h e  primary ob jec t ive  of the  
corros ion  t e s t s  was t o  compare t h e  r e s i s t a n c e  of ma te r i a l s  t o  
fluorine-oxygen and hydrogen fluoride-oxygen atmospheres a t  tem- 
pe ra tu res  ranging from 3000°F t o  ind iv idua l  melting po in t s .  The 
number of s e l e c t e d  m a t e r i a l s  and atmospheres precluded in-depth  
s tudy of oxida t ion-corros ion  mechanisms. Hopefully, however, 
i n s i g h t  i n t o  fundamental oxidat ion-corrosion behavior would be 
obtained.  Such i n s i g h t  would permit p r e d i c t i o n  of cor ros ion  be- 
havior  i n  atmospheres d i f f e r e n t  from those used i n  t h i s  program 
and thereby provide a  b a s i s  of es t imat ing  nozzle  t h r o a t  r e c e s -  
s i o n  r a t e s  i n  a c t u a l  rocket  engines,  
a .  Tungs t en  
The s u r f a c e  recess ion  r a t e s  f o r  tungsten i n  flowing 
argon conta in ing  3.25, 4 , 0 ,  and 5 , 4  v /o  oxygen a t  3000"-5000°F 
a r e  summarized i n  Table V and p l o t t e d  i n  Figure 5 .  Previously 
obtained recess ion  r a t e s  of tungsten i n  6 .5  v /o  f l u o r i n e  a r e  i n -  
cluded i n  Figure 5 f o r  comparison, A g r e a t e r  number of t e s t s  i n  
TABLE V 
CORROSION BEHAVIOA OF TUNGSTEN IN FLOIJING  OXYGEN(^) 
--------a --- -------__I_/._._.I----- 
--------.U_-R__-__D_.------ ---- 
Oxygen Spec i f i c  S u r f  ace 
Exposure Concen- Weight Weight Recession 
Temp., t r a  t i o n ,  LOSS, Loss, Rate,  
OF V/ 0 !3 mg/cm2 /min mils/min 
------ -- -I---__I-_Y__I-U-----~- 
( a ) ~ o t a l  flow r a t e  - 10 c f h  (400 f p s )  . 
0 
3000 3500 4000 4500 5000 
TEM P E R A T U R E ,  O F  
Fig .  5 - Surface  Recession Rate o f  Tungsten i n  Flowing 
F luo r ine  and Oxygen. 
oxygen were conducted on tungsten and A T J  g r a p h i t e  s i n c e  these  ma- 
t e r i a l s  a r e  the  r e fe rence  m a t e r i a l  f o r  cor ros ion  t e s t s  and because 
of t h e  da ta  s c a t t e r  f o r  both m a t e r i a l s .  The recess ion  r a t e s  a t  
a l l  t h r e e  oxygen l e v e l s  i n d i c a t e  t h a t  while t h e  oxida t ion  r a t e  a t  
4000°F i s  nea r ly  double t h a t  a t  3000°F, t h e r e  i s  l i t t l e  change i n  
t h e  range of 4000"-5000°F. Furthermore, a t  4500"-5000°F t h e  r e -  
cess ion  r a t e  of tungsten i n  3.25 v /o  oxygen i s  about equal  t o  t h a t  
i n  6 ,5  v / o  f l u o r i n e .  This could be due t o  t h e  s toichiometry of 
t h e  r e a c t i o n  products formed s i n c e  t h e  probable r e a c t i o n  products 
i n  oxygen and f l u o r i n e  a r e  W03 and WF6, r e s p e c t i v e l y .  Thus, f o r  a 
cons tant  r ecess ion  r a t e ,  t h e  flow r a t e  of f l u o r i n e  should be about 
twice t h a t  of oxygen i f  s t o i c h i o m e t r i c a l l y  c o n t r o l l e d  s t e a d y - s t a t e  
equi l ibr ium e x i s t s  i n  t h e  gas stream. This may we l l  be t h e  case  
s i n c e  i t  was shown previous ly  t h a t  cor ros ion  r a t e  i n  f l u o r i n e  was 
a  l i n e a r  funct ion  of t h e  flow r a t e .  (2)  The da ta  i n  3.25 t o  5 .4  
v / o  oxygen i n d i c a t e  t h a t  a s i m i l a r  flow r a t e  dependence e x i s t s  i n  
oxygen above 4000 O F .  
The corros ion  behavior of tungsten i n  6.5 v /o  f l u o r i n e ,  
6 ,5  v/o f luor ine-4 .0  v /o  oxygen, and 6.5 v /o  f luor ine -5 ,4  v /o  ox- 
ygen i n  t h e  range of 3000"-5500°F i s  summarized i n  Table V I  and 
p l o t t e d  i n  Figure 6. Data i n  3,25 v /o  f luor ine-2 .0  v /o  oxygen a r e  
included,  along with previous ly  obtained corros ion  d a t a  i n  6.5 v / o  
f l u o r i n e  t o  5100°F and c u r r e n t  d a t a  i n  f l u o r i n e  t o  5500°F. The 
new d a t a  i n  6.5 v /o  f l u o r i n e  i l l u s t r a t e  t h a t  t h e  corros ion  r a t e  
cont inues t o  decrease a t  temperatures above 510O0F, This e f f e c t  
i s  due t o  thermal decomposition of  WF6. (2)  I n  c o n t r a s t ,  no de- 
c r e a s e  i n  t h e  recess ion  r a t e  occurs i n  t h e  combined environment; 
both  t h e  4 ' 0  and 5.4 v/o oxygen atmospheres show p o s i t i v e  s lopes  
t o  5500°F. As a  r e s u l t ,  t h e  r ecess ion  r a t e  i n  6.5 v /o  f l u o r i n e -  
5 .4 v /o  oxygen reaches nea r ly  6  mils/min a t  5 5 0 0 " ~ .  The cor ro -  
s i o n  mechanism i s ,  t h e r e f o r e ,  not  c o n t r o l l e d  by t h e  observed de- 
c r e a s e  i n  s t a b i l i t y  of f l u o r i d e s  above 5000°F i n  f l u o r i n e ,  This 
could mean t h a t  oxyfluorides  a r e  formed i n  t h e  combined environ-  
ments which o f f s e t  the  e f f e c t  observed i n  f l u o r i n e ,  
TABLE V I  
CORROSION BEHAVIOR OF TUNGSTEN 
___Y__--- -- ---- 
 
---_._____l_ll_ 
--- - ---- ----- 
-- 
-- 
Fluor ine  Oxygen Spec i f i c  Surface 
Exposure Concen- Concen- Weight Weight Recess ion  
Temp., t r a  t i o n ,  t r a  t i o n ,  Loss, Loss, Rate,  
O F  V/ 0 V/ 0 i4 mg/cm2/min milslmin 
- ----___Uu-..------.=...-- - 
---_I____.-- 
( a ) ~ o t a l  flow r a t e  - 10 c f h  (400 f p s ) .  
---I - . L A - - _ . -  
3000 3500 4000 4500 5000 5500 
TEMPERATURE, OF 
Fig. 6 - surface Recession Rate of Tungsten in Flowing 
Fluorine and Fluorine-Oxygen. 
It i s  i n t e r e s t i n g  t o  compare t h e  ox ida t ion -co r ros ion  
r a t e  i n  6 .5  v /o  f l u o r i n e - 4 . 0  v/o  oxygen w i t h  an atmssphere of t h e  
same f luor ine-oxygen r a t i o  bu t  one-ha l f  t h e  t o t a l  f low r a t e .  A l -  
though t h e  d a t a  i n  3.25 v /o  f l u o r i n e - 2 . 0  v/o  oxygen a r e  l i m i t e d ,  
t h e  c o r r o s i o n  curves  a t  t h e  lower c o n c e n t r a t i o n  o f  co r roden t  gases  
i n d i c a t e  a g r e a t e r  p o s i t i v e  s l o p e .  Thus, t h e  c o r r o s i o n  r a t e  i n  
t h e  3 .  25F2-2. 0  4 atmosphere approaches one-half  t h a t  i n  6 . 5  v /o  
F ~ - 4 . 0  v /o  O2 on ly  above 450D°F. This  may be a consequence of the 
e f f e c t  a t  l o v e r  oxygen l e v e l s  shown i n  Figure  4 .  I n  any c a s e ,  a 
reasonable  correspondence w i t h  t o t a l  f low r a t e  e x i s t s  above 4500°F. 
The c o r r o s i o n  r a t e  of  tungs ten  i n  hydrogen f l u o r i d e  and 
hydrogen f luor ide-oxygen i s  summarized i n  Table  V I I  and p l o t t e d  
i n  F igure  7 .  Previous  s t u d i e s  of c o r r o s i o n  denons t ra ted  t h a t  t h e  
c o r r o s i o n  r a t e  of  most m a t e r i a l s  i n  hydrogen f l u o r i d e  w a s  ar~ order  
o f  magnitude l e s s  than  i n  f l u o r i n e .  ( 2 )  This  i s  due t o  t h e  s t a b i l -  
i t y  of t h e  HF molecule even a t  ve ry  h igh  tempera tures .  The shape 
o f  t h e  c o r r o s i o n  curvzs  f o r  hydrogen f luor ide-oxygen i s  s i m i l a r  
t o  t h a t  of oxygen (F igure  5 ) .  Above 4000°F, t h e r e  i s  l i t t l e  
change,  e s p e c i a l l y  i n  10 v /o  HF-0.56 v/o 3*.  The f i n d i n g s  i n  t h e  
combined hydrogen f luor ide-oxygen atmosphere do sugges t  t h a t  most 
o f  t h e  s u r f a c e  r e c e s s i o n  i s  due t o  oxygen, a l t h ~ u g h  some complex 
r e a c t i o n s  may occu r .  The c o r r o s i o n  r a t e  i n  hydrogen f l u o r i d e -  
oxygen appear t o  be h igher  than  would be  expected from t h e  ox ida-  
t i o n  d a t a  i n  F igu re  5 .  Thus, complex i n t e r a c t i o n s  between hydro- 
gen f l u o r i d e  and oxygen may ozcur  i n  t h e  gas  s t ream t o  e f f e c t i v e l y  
i n c r e a s e  th,? volume f r a c t i o n  of  co r roden t  s p e c i e s .  
A s imple  method of e s t i m a t i n g  whether s i g n i f i c a n t  syns r -  
g i s t i c  e f f e c t s  occur  i n  t h e  combined atmospheres i s  t o  conpare t h e  
exper imenta l  r e c e s s i o n  r a t e s  w i t h  t h e  sum of  t h e  r e c e s s i o n  r a t e s  
i n  t h e  i n d i v i d u a l  env i ronnen t s .  Th i s  technique assumes t h a t  t h e  
i n d i v i d u a l  r e c e s s i o n  r a t e s  a r e  a d d i t i v e  and t h a t  t h e  r e a c t i o n  can  
be w r i t t e n  as: 
o r ,  i n  terms of  r e c e s s i o n :  
TABLE V I I  
CORROSION BEHAVIOR OF TUNGSTEN 
IN HYDROGEN FLUORIDE AND HYDROGEN FLUORIDE  OXYGEN(^) 
Hydrogen 
F luor ide  Oxygen Spec i f i c  Surface 
Exposure Concen- Concen- Weight Weight Recession 
Temp., t r a  t i o n ,  t r a  t i o n ,  LOSS, LOSS, Rate,  
OF V/ 0 V/ 0 g mg/cm2 /min mils/min 
( a ) ~ o t a l  flow r a t e  - 10 c f h  (400 f p s ) .  
- LEGEND 
- I O V / O  H F  
1 0 ~ / 0  H F - 0 . 5 6 v / o 0 2  
- 
@ I0 V/O H F - 2 . 5  V/O O2 
3000 3500 4000 4500 5 0 0 0  5 5 0 0  
TEMPERATURE, OF 
F i g .  7 - S u r f a c e  Recess ion  Ra te  o f  Tungsten  i n  Flowing 
Hydrogen F l u o r i d e  and Hydrogen F l u o r i d e  -Oxygen. 
This w i l l  no t  occur i f  (1) a  d i f f e r e n t  cor ros ion  product i s  
formed i n  t h e  combined environment, (2) i n t e r a c t i o n s  i n  t h e  gas 
s t ream change t h e  concent ra t ion  of  co r ros ive  gaseous spec ies ,  o r  
( 3 )  corros ion  products a r e  uns table  and/or o ther  than gaseous 
s p e c i e s ,  Obviously, t h e  comparison of t h e  experimental  and c a l -  
cu la ted  r a t e s  w i l l  no t  de f ine  which of t h e s e  s y n e r g i s t i c  e f f e c t s  
i s  ope ra t ive  s i n c e  each could e i t h e r  i n c r e a s e  or decrease the  
corros ion  r a t e .  However, i t  w i l l  de f ine  whether any apprec iab le  
combined e f f e c t s  can be expected. 
The experimental  and c a l c u l a t e d  corros ion  r a t e s  a t  
3000, 4000, and 5000°F a r e  compared i n  Figure 8, Since d a t a  i n  
0 ,56  and 2.3 v /o  oxygen were no t  a v a i l a b l e ,  these  r a t e s  were ob- 
t a i n e d  by l i n e a r  i n t e r p o l a t i o n  of d a t a  a t  3,25,  4 .0 ,  and 5.4 v / o  
oxygen, The experimental  r e s u l t s  i n  both fluorine-oxygen and hy- 
drogen fluoride-oxygen a r e  q u i t e  s i m i l a r  t o  t h e  ca lcu la ted  r a t e s ,  
except f o r  t h e  recess ion  r a t e  i n  fluorine-oxygen a t  3000°F (Fig- 
ure  8a) .  Here t h e  experimental  r a t e s  a r e  g r e a t e r  than the  ca lcu-  
l a t e d  r a t e s .  This could be due t o  t h e  formation of oxyf luor ides  
which a r e  no t  formed a t  higher  temperatures.  A converse e f f e c t  
i s  ind ica ted  a t  4 0 0 0 ° ~ ,  but i t  appears t o  be caused by a  s i n g l e  
d a t a  po in t  a t  3,25 v / o  oxygen, This p o i n t  may be high because of 
d a t a  s c a t t e r .  
Calcula ted  su r face  recess ion  r a t e s  i n  hydrogen f l u o r i d e -  
oxygen (Fig,ure 8b) tend t o  be s l i g h t l y  lower than t h e  measured 
r a t e s ,  In  t h i s  environment, i t  i s  p o s s i b l e  t h a t  i n t e r a c t i o n s  
could occur i n  t h e  gas s t ream which inc reases  t h e  e f f e c t i v e  con- 
c e n t r a t i o n  of corrodent  gases .  One such r e a c t i o n ,  neglec t ing  
thermodynamic cons ide ra t ions ,  can be w r i t t e n :  
2HF + O2 - H20 + F2 + %O2 
This r e a c t i o n  could provide a  h igher  cor ros ion  r a t e  i n  
t h a t  f l u o r i n e  i s  r e l e a s e d  a t  a  g r e a t e r  r a t e  than can be obtained 
by thermal decomposition of the  s t a b l e  hydrogen f l u o r i d e  molecule. 
However, t h e  r e a c t i o n  should not  inc rease  t h e  corros ion  r a t e  s i g -  
n i f i c a n t l y  because of t h e  s to ichiometry  of t h e  f l u o r i d e  r e a c t i o n  
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product discussed previously.  In  e f f e c t ,  t h e  co r ros ive  p o t e n t i a l  
of an atmosphere obtained by t h e  above r e a c t i o n  i s  about equiva- 
l e n t  t o  t h a t  of  t h e  i n i t i a l  oxygen concent ra t ion .  Any inc rease  
i n  corros ion  r a t e  over t h a t  of hydrogen f l u o r i d e  and oxygen 
should,  t h e r e f o r e ,  be c o n t r o l l e d  by t h e  r e a c t i o n  r a t e  with water 
vapor and/or hydrogen. Figure 8b does i n d i c a t e  t h a t  no apprec i -  
a b l e  s y n e r g i s t i c  e f f e c t s  e x i s t  f o r  tungsten i n  hydrogen f l u o r i d e -  
oxygen. It appears t h a t  s u r f a c e  recess ion  i n  t h e  combined atmos- 
phere i s  due t o  oxida t ion .  
I r id ium 
I r id ium samples were prepared by cold  press ing  a t  48 
t s i  and s i n t e r i n g  a t  3300°F i n  a vacuum r e s u l t i n g  i n  a dens i ty  of 
about 90%. The corros ion  r a t e  of i r id ium i n  oxygen, f l u o r i n e ,  
and fluorine-oxygen i s  summarized i n  Table V I I I .  Surface reces -  
s i o n  d a t a  i n  f l u o r i n e  and fluorine-oxygen a r e  p l o t t e d  i n  F i g u r e 9 ,  
As expected, t h e  s u r f a c e  recess ion  r a t e s  of i r id ium i n  2.3 and 
5.4 v /o  oxygen were much l e s s  than most of t h e  o the r  ma te r i a l s  i n  
t h e  program. Weight losses  were o f t en  i n  t h e  range of 1-2 mg. 
Oxidation t e s t s  were conducted i n  10 v /o  oxygen and f o r  
exposure times of up t o  10 min i n  order  t o  ob ta in  h igher  weight 
l o s s e s .  Very small  weight losses  were a l s o  obtained i n  hydrogen 
fluoride-oxygen because of t h e  low oxygen l e v e l s  used f o r  these  
t e s t s .  As a r e s u l t ,  c a l c u l a t e d  su r face  recess ion  r a t e s  f o r  i r i d -  
ium do not  always i n d i c a t e  c l e a r  temperature and/or environmental 
t r ends .  They do, however, demonstrate t h e  e x c e l l e n t  r e s i s t a n c e  
of i r id ium t o  oxygen, hydrogen f l u o r i d e ,  and a t  higher  tempera- 
t u r e s ,  f luorine-oxygen. 
The s u r f a c e  recess ion  of  i r id ium i n  f1,uorine and 
fluorine-oxygen i l l u s t r a t e d  I n  Figure 9 i n d i c a t e s  a decreasing 
r a t e  with inc reas ing  temperat,ure a s  r epor ted  previous ly  f o r  fl.uo- 
r i n e .  (') The c u r r e n t  r e s u l t s  demonstrate t h a t  ir idi ,um shows a 
s i m i l a r  behavior i n  fluorine-oxygen. This can be expected s i n c e  
t h e  corros ion  r a t e  of ir idi .um i n  oxygen i s  much lower than i n  
TABLE V I I I  
CORROSION BEHAVIOR OF I R I D I U M  
I N  FLOWING OXYGEN, FLUORINE, AND FLUORINE  OXYGEN(^) 
----- -- - - 
Fluor ine  Oxygen Spec i f i c  Surface 
Exposure Concen- Concen- Weight Weight Recess ion  
Temp. , t r a t i o n ,  t r a t i o n ,  LOSS, LOSS, Rate,  
O F  v/ 0 v/ 0 8 mg/cm2 /min mlls/min 
3000 ):{ - - 2 .3  
4000 (b) - - 2.3  4400 - - 2.3 
3000 - - 5.4 
3500 (b) - - 5.4  3500 - . 5.4 
4000 - - 5.4 
4400 - - 5.4  
( a ) ~ o t a l  flow r a t e  - 10 c f h  (400 f p s ) .  
( b ) ~ e n  minute runs.  
A 6 * 5 ~ / 0 F ~ - 4 . 0 ~ / 0 0 ~  
6.5 V/O F2-5.4v/0 0 2  
M E L T I N G  POINT 
3500 4000 
TEMPERATURE,  O F  
F i g .  9 - S u r f a c e  Recess ion  Ra te  o f  I r i d i u m  i n  Flowing 
F l u o r i n e  and Fluorine-Oxygen . 
f l .uor ine  a t  3800" t o  4400°F. As a  r e s , u l t ,  t h e  recess ion  r a t e s  i n  
t h e  combined environments a r e  very c l o s e  t o  t h e  r a t e s  i n  6 ,5  v /o  
f 1,uorine. 
The corros ion  behavior of i r id ium i n  hydrogen f l u o r i d e  
and hydrogen fluoride-oxygen a r e  summarized i n  Table I X .  The r e -  
cess ion  r a t e  i n  hydrogen f l u o r i d e  i s  p l o t t e d  along with d a t a  f o r  
oxygen atmospheres (Table VII I )  i n  Figure 10. Oxygen da ta  a r e  
presented  with hydrogen f l u o r i d e  recess ion  r a t e s  because of t h e  
s i m i l a r i t y  of t h e  measured r a t e s .  It i s  apparent  t h a t  i r id ium i s  
e s s e n t i a l l y  unreac t ive  i n  10 v /o  hydrogen f l u o r i d e  t o  the  melt ing 
po in t  (4450°F). S imi la r ly ,  add i t ions  of  up t o  2.3 v/o oxygen do 
no t  r e s u l t  i n  any apprec iable  change i n  corros ion  behavior,  
Figure 10 i n d i c a t e s  t h a t  t h e  oxida t ion  r a t e  i n  oxygen 
does inc rease  apprec iably  i n  t h e  range of 3500" t o  4400°F a t  a l l  
oxygen l e v e l s .  However, t h e  su r face  recess ion  r a t e  i s  only about 
0.040 mils/min a t  4400°F i n  10 v /o  oxygen. With the exception of 
Ir-33Re, t h i s  i s  lower by an order  of magnitude than t h e  o the r  
m a t e r i a l s  t e s t e d  i n  t h e  program i n  5.4 v / o  oxygen. 
The very low sur face  recess ion  r a t e s  i n  oxygen and hy- 
drogen f l u o r i d e  precludes comparison of t h e  measured and ca lcu-  
l a t e d  recess ion  r a t e s ,  In  any case ,  because of higher r ecess ion  
r a t e s  i n  f l u o r i n e ,  i t  i s  apparent t h a t  c a l c u l a t e d  r a t e s  must be 
comparable t o  the  experimental  f l u o r i n e  r a t e s .  Recession r a t e s  
i n  oxygen and hydrogen fluoride-oxygen a r e  too  low t o  provide an 
accura te  comparison. It i s  ev ident ,  however, t h a t  no s y n e r g i s t i c  
co r ros ion  e f f e c t s  occur i n  t h e  combined atmospheres. 
c ,  Iridium-33 w/o Rhenium 
The corros ion  behavior of ir idium-33 w/o rhenium i n  
flowing oxygen, f l u o r i n e ,  and fluorine-oxygen i s  summarized i n  
Table X ,  and p l o t t e d  i n  Figure 11, Test samples were prepared 
both by cold  press ing  and s i n t e r i n g  and by arc-melt ing without 
apprec iable  d i f f e r e n c e  i n  measured corros ion  behavior.  As wi th  
i r id ium,  t e s t  samples were used f o r  mul t ip le  exposures with s u r -  
face  prepara t ion  a f t e r  each run.  This i s  important i n  t h e  case  
TABLE I X  
CORROSION BEHAVIOR OF I R I D I U M  I N  FLOWING 
HYDROGEN FLUORIDE AND HYDROGEN FLUORIDE  OXYGEN(^) 
Hydrogen 
Fluor ide  Oxygen Spec i f i c  Surface 
Exposure Concen- Concen- Weight Weight Reces s ion  
Temp,, t r a  t ion ,  t r a  t ion ,  LOSS, Loss, Ra te ,  
O F  V / O  V/ 0 g mg/cm2 /min mils /min 
-- 
( a ) ~ o t a l  flow r a t e  - 10 c f h  (400 f p s ) .  
( b ) ~ e n  minute exposure time. 
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Oxygen and Hydrogen F l u o r i d e .  
TABLE X 
CORROSION BEHAVIOR OF IRIDIUM-33 w/o RHENIUM 
IN FLOWING OXYGEN, FLUORINE, AND FLUORINE   OXYGEN(^) 
- ------ 
--I--- 
---_1__1- ------ 
Fluor ine  Oxygen Spec i f i c  Surface 
Exposure Concen- Concen- Weight Weight Recession 
Temp., t r a  t ion ,  t r a t i o n ,  Loss, Loss, Rate,  
O F  V/ 0 V / O  mg/cm2 /min mils /min 
43.0 
46.0 
18.9 
29.3 
16 .0  
13.3 
13.2 
Me1 ted 
P 
T%otal f l o g  r a t e  - 10 c f h  (400 f p s ) .  
LEGEND 
5.4 v/o o2 
0 6 # 5  v/o F;! 
0 6.5 V/O F2- 4.0 V/O O2 
A+ 6.5 W/O F2-5.4 V/O O 2  
Q MELTING POINT 
3000  3500 4000  4500  
TEMPERATURE, O F  
F i g .  11 - Surface Recession Rate of Ir-33Re i n  Flowing 
Oxygen, Fluorine , and Fluorine -Oxygen. 
of  Ir-33Re because of t h e  cons iderable  d i f f e rence  i n  oxidat ion-  
cor ros ion  r a t e s  of i r id ium and rhenium. It i s  f o r  t h i s  reason 
a l s o  t h a t  t h e  corrosion r a t e s  of Ir-Re a l l o y s  a r e  probably n o t  
l i n e a r l y  time dependent, a s  w.j.11 be  discussed subsequently.  
As shown previous ly  f o r  unalloyed i r idium, Ir-33Re i n  
f l u o r i n e  e x h i b i t s  decreasing corros ion  r a t e  with inc reas ing  tem- 
pe ra tu re .  Figure 11 shows t h a t  a  s i m i l a r  behavior occurs i n  
6 . 5  v/o F2-4.0 v/o O2 and 6 .5  v/o F2-5.4 v/o 02, although t h e  
r ecess ion  r a t e s  i n  fluorine-oxygen a r e  s l i g h t l y  higher  than i n  
f l u o r i n e  a lone .  Although Figure 11 i n d i c a t e s  a  higher  recess ion  
r a t e  i n  4 .0  v /o  O2 than i n  5 .4  v lo  O2 i n  t h e  combined environ- 
ment, t h i s  i s  probably a r e s u l t  of d a t a  s c a t t e r  caused by t h e  
r e l a t i v e  low con t r ibu t ion  of oxygen below 4000°F. 
The oxidat ion r a t e  a t  both  2.3 and 5.4 v/o oxygen tends 
t o  i n c r e a s e  above 4 0 0 0 ° ~ ,  a s  measured previously f o r  unalloyed 
i r id ium.  It i s  i n t e r e s t i n g  t o  n o t i c e  t h a t  a t  4000°F, t h e  su r face  
recess ion  r a t e  i n  fluorine-oxygen i s  about equiva lent  t o  t h a t  of 
5 .4 v/o oxygen. A t  t h i s  temperature,  i t  i s  apparent t h e  r e l a t i v e  
c o n t r i b u t i o n  of f l u o r i n e  and oxygen t o  metal  removal i s  about 
equal .  A t  4500°F, the  recess ion  r a t e s  i n  6 .5  v/o F2-5.4 v/o O2 
i s  s t i l l  only about 0.5 mils/min, which i s  about an order  of mag- 
n i t u d e  l e s s  than a l l  of t h e  o the r  ma te r i a l s  i n  the  program except 
i r id ium.  
The corrosion behavior of Ir-33Re i n  hydrogen f l u o r i d e  
and hydrogen fluoride-oxygen i s  summarized i n  Table X I  and p l o t t e d  
i n  F igure  12. Calculated recess ion  r a t e s  i n  these  environments 
a r e  very low, although somewhat h igher  than t h a t  of i r id ium.  
Considering t h e  i r id ium and rhenium oxidat ion-corrosion da ta ,  i t  
i s  l i k e l y  t h a t  a  major por t ion  of t h e  weight l o s s  i s  due t o  se -  
l e c t i v e  r e a c t i o n  with rhenium in  t h e  su r face  l a y e r ,  Although 
s tudy of t h e  time dependence of the  corrosion r a t e  was no t  con- 
ducted, a  l i n e a r  time dependence does no t  l i k e l y  e x i s t  in  t h i s  
system. Thus, l i n e a r  r ecess ion  r a t e s  c a l c u l a t e d  from 5 min expo- 
su res  may be conservat ive .  Since t h e  weight of  rhenium wi th in  
TABLE X I  
CORROSION BEHAVIOR OF IRIDIUM-33 w/o RHENIUM I N  
FLOWING HYDROGEN FLUORIDE AND HYDROGEN FLUORIDE  OXYGEN(^) 
Hydrogen 
F luor ide  Oxygen Spec i f i c  Surface 
Exposure Concen- Concen- Weight Weight Recess ion 
Temp., t r a  t i o n ,  t r a  t i o n ,  LOS s , LOSS, Rate ,  
O F  V / O  V/ 0 g mg/cm2 /min mils/min 
- - - -- 
- - 
( a ) ~ o t a l  flow r a t e  - 10 c f h  (400 f p s ) .  
0.2 5 
@ lOv /o  HF 
I0 V/O H F - 0 . 5 6 v / o 0 2  
c 
.- 10v/0 H F - 2 . 3  v / 0 0 2  
E 
\ 0.20  MELTING POINT 
V) 
- 
.- 
E 
. 
W 
2 0.15 
a 
z 
0 
- 
V) 
cn 
0 
I 
W 0 . I O r  
3000 3 5 0 0  4 0 0 0  4 5 0 0  5000 
TEMPERATURE, OF 
F i g .  1 2  - S u r f a c e  R e c e s s i o n  Rate o f  I r -33Re i n  Flowing 
Hydrogen F l u o r i d e  and Hydrogen F luo r ide -Oxygen .  
t h e  sample su r face  i s  constant ,  an expected increase  i n  recess ion  
r a t e  due t o  a  h igher  volume s f  corrosion gases may no t  be meas- 
ured.  Addit ional  d e t a i l e d  oxidat ion-corrosion s tudy i s  requi red  
t o  de f ine  t h i s  e f f e c t  f u r t h e r .  
Because of the  low recess ion  r a t e s  and non l inea r  time 
dependence, comparison of the  measured and ca lcu la ted  recess ion  
r a t e s  i s  n o t  appropr ia t e  f o r  Ir-33Re. However, i t  i s  apparent  
from t h e  da ta  t h a t  a  reasonable c o r r e l a t i o n  of both r a t e s  e x i s t s  
f o r  5 min exposure t imes.  
d .  Rhenium 
Rhenium samples were prepared by cold press ing  a t  48 p s i  
and s i n t e r i n g  a t  3300-3500°F i n  a  vacuum f o r  two t o  four  hours.  
This r e s u l t e d  i n  a  s i n t e r e d  dens i ty  of about 90% of t h e o r e t i c a l .  
Arc-melted but tons  were a l s o  used, but  d id  no t  cause s i g n i f i c a n t  
d i f f e r e n c e  i n  oxidat ion-corrosion r a t e .  
The corrosion behavior of rhenium i n  oxygen, f l u o r i n e ,  
and fluorine-oxygen a t  3000-5200°F i s  summarized i n  Table X I 1  and 
p l o t t e d  i n  Figure 13. Data obtained previously on rhenium i n  
f l u o r i n e  ind ica ted  t h a t  t h e  corrosion r a t e ,  l i k e  t h a t  of i r id ium 
and Ir-33Re, decreased wi th  increas ing  temperatures above 3500°F. 
During the  cu r ren t  program, data was obtained on rhenium i n  f luo-  
r i n e  a t  5200°F. This a d d i t i o n a l  d a t a  c o r r e l a t e d  wi th  previous 
r e s u l t s .  The recess ion  r a t e  i n  6 .5  v /o  f l u o r i n e  a t  5200°F i s  
about 0 . 5  mils/min, o r  about one-fourth t h a t  a t  3500°F. 
The recess ion  r a t e  of rhenium i n  both 2 .3  and 5.4 v/o 
oxygen does no t  demonstrate s i g n i f i c a n t  temperature dependence i n  
t h e  range of 3500-5200°F. Surface recess ion  r a t e s  i n  these  atmos- 
pheres a r e  about 1 . 2  and 2.5 mils/min, r e spec t ive ly ,  which a r e  
about one-half t h a t  of tungsten i n  these  atmospheres. 
I n  the  combined fluorine-oxygen environments, t h e  reces-  
s i o n  r a t e  decreases with increas ing  temperature reaching about 3.8 
mils/min. A t  3500°F, t h e  recess ion  r a t e  i s  about 5  milslmin and 
remains the  same when t h e  oxygen concentrat ion i s  increased  from 
TABLE X I 1  
CORROSION BEHAVIOR OF RHENIUM 
I N  FLOWING OXYGEN, FLUOL1INE, AND FLUORINE  OXYGEN(^) 
F l u o r i n e  Oxygen Spec i f  i c  Surf ace  
Exposure Concen- Concen- Weight Weight Recess i o n  
Temp. , t r a t i o n ,  t r a t i o n ,  LOSS, Loss, Rate ,  
OF V/ 0 V/ 0 l3 mg/cm2 /min rnils/rnin 
( a ) ~ o t a l  f l o z  r a t e  - 10 c f h  (400 fps )  . 
Fig. 13 - Surface Recession Rate of Rhenium in Flowing 
Oxygen, Fluorine, and Fluorine-Oxygen. 
4 , 0  t o  5 , 4  v / o  oxygen. A s i g n i f i c a n t  d i f f e rence  i n  the  r eces -  
s i o n  r a t e  i n  t h e s e  atmospheres was obtained only a t  5200°F. 
Oxidation-corrosion da ta  f o r  rhenium i n  hydrogen f luo-  
r i d e  and hydrogen fluoride-oxygen i s  presented i n  Table XI11 and 
p l o t t e d  i n  Figure 14. Rhenium e x h i b i t s  t h e  very low corros ion  
r a t e s  i n  hydrogen f l u o r i d e  which a r e  t y p i c a l  of a l l  r e f r a c t o r y  
metals  t e s t e d  i n  t h e  program. Additions of 0.56 and 2.3 v /o  ox- 
ygen t o  t h e  hydrogen f l u o r i d e  r e s u l t  i n  a  considerable  inc rease  
i n  corros ion  r a t e s  but  no t  g r e a t e r  than can be expected based on 
oxygen da ta .  An inc rease  i n  t h e  r ecess ion  r a t e  i s  shown a t  4500°F 
i n  10 V / O  HF-2.3 v /o  02, and perhaps i n  10 v /o  HF-0.56 v /o  02. 
This may be a s s o c i a t e d  wi th  t h e  reduct ion  i n  t h e  recess ion  r a t e  i n  
f l u o r i n e  above 4000°F. The oxida t ion-corros ion  r a t e s  i n  10 v /o  
HF-2.3 v /o  O2 a r e  comparable t o  those i n  2.3 v/o oxygen. 
A comparison of t h e  measured and c a l c u l a t e d  recess ion  
r a t e s  a r e  presented i n  Figure 15. Like tungsten a t  3000°F, rhen i -  
,um e x h i b i t s  h igher  experimental  r a t e s  than ca lc ,u la ted  r a t e s  i n  
fluorine-oxygen. Unlike tungsten,  however, rheni,urn e x h i b i t s  t h i s  
s y n e r g i s t i c  e f f e c t  over t h e  t o t a l  range 3500"-5200°F, and par t ic ,u-  
l a r l y  a t  4500°F. Although da ta  a r e  i n s u f f i c i e n t  t o  acc,urately de- 
f i n e  t h e  s lopes  of t h e  ca lc ,u la ted  c,urves over t h e  whole range, i t  
appears t h a t  s y n e r g i s t i c  cor ros ion  e f f e c t s  a r e  g r e a t e s t  a t  i n t e r -  
mediate oxygen l e v e l s  of about 2-3 v /o .  This may be due t o  t h e  
formation of oxyfluorides  whose s toichiometry i s  such t h a t  a  con- 
s t a n t  gas flow r a t e  r e s u l t s  i n  g r e a t e r  metal  removal. Addit ional  
cor ros ion  t e s t s  a r e  r equ i red  t o  def ine  t h i s  e f f e c t  f u r t h e r .  
Comparison of t h e  HF-O2 recess ion  r a t e s  i n d i c a t e  a  s imi-  
lar behavior i n  t h i s  atmosphere, With one except ion,  t h e  ca lcu-  
l a t e d  r a t e s  a r e  s l i g h t l y  g r e a t e r  than t h e  measured r a t e s ;  only i n  
2.3 v /o  oxygen a t  5200°F i s  t h e  c a l c u l a t e d  r a t e  considerably g r e a t -  
e r  than t h e  measured r a t e .  This could be due t o  HF-O2 gas s t ream 
i n t e r a c t i o n s  descr ibed  previous ly  f o r  t.ungsten or t o  experimental  
d a t a  s c a t t e r .  
TABLE X I I I  
CORROSION BEHAVIOR OF RHENIUM I N  FLOWING 
HYDROGEN FLUORIDE AND HYDROGEN FLUORIDE  OXYGEN'^ 
Exposur 
Hydrogen 
Fluor ide  
#e Concen- 
t r a t i o n ,  
v/ 0 
Oxygen 
Concen- 
t r a  t i o n  
v/o 
Spec i f i c  
Weight Weight 
9 LOSS, Loss, 
g mg/cm2 /min 
Surface 
Recess ion  
Rate, 
mils  lmin 
----- 
- - - - . -. - - - - - - - - -- 
( a ) ~ o t a l  flow r a t e  - 10 c f h  (400 f p s ) .  
2*0 
LEGEND 
3000 3500 4000 4500 5000 5500 
TEMPERATURE, O F 
F i g .  14  - S u r f a c e  Recess ion  R a t e  o f  Rhenium i n  Flowing Hydrogen 
F l u o r i d e  and Hydrogen Fluoride-Oxygen.  
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Samples f o r  cor ros ion  t e s t s  of A T J  g r a p h i t e  were sec -  
t ioned from bulk m a t e r i a l .  I n  s e n e r a l ,  no attempt was made t o  t e s t  
the  inf luence  of o r i e n t a t i o n  of  t h e  m a t e r i a l .  Although low r e -  
cess ion  r a t e s  measured i n  hydrogen f l u o r i d e  may have been s l i  h t l y  
inf luenced by o r i e n t a t i o n  e f f e c t s  and/or mechanical e ros ion ,  ( 5 )  
o r i e n t a t i o n  of t h e  t e s t  samples probably d id  not  inf luence  t h e  
r ecess ion  d a t a  i n  t h i s  program. Depending upon the  t e s t  atmos- 
phere,  the  maximum exposure temperature obta inable  wi th  the  ATJ 
g r a p h i t e  was 4800" -4900°F. 
A sumnary of oxida t ion  t e s t s  i n  4 .0  and 5 .4  v/o oxygen 
a t  3000"-4800°F i s  presented i n  Table X I V  and p l o t t e d  with f luo-  
r i n e  and fluorine-oxygen d a t a  i n  Figure 16. Corrosion d a t a  on 
ATJ g raph i t e  i n  f l u o r i n e  and fluorine-oxygen a r e  summarized i n  
Table XV. Surface recess ion  r a t e s  i n  oxygen a r e  p l o t t e d  i n  Fig- 
ure  16, and demonstrate cons iderable  s c a t t e r  and only minor tem- 
pe ra tu re  dependence. In  f a c t ,  t h e  recess ion  r a t e  d a t a  tend t o  
show a  minimum i n  oxygen atmosphere a t  about 4903°F. 
A s i m i l a r  e f f e c t  e x i s t s  f o r  ATJ g r a p h i t e  i n  6.5 v/o 
f l u o r i n e .  Previous d a t a  i n  f l u o r i n e  were obtained only t o  4000°F 
because of input  p ~ w e r  l i m i t a t i o n s  of the  induct ion  u n i t  descr ibed 
i n  Sect ion  11 -A-1 .  Current d a t a  i n  f l u o r i n e  t o  5000°F demonstrate 
t h a t  a minimum e x i s t s  i n  the  recess ion  r a t e  a t  4000°F; t h e  r eces -  
s i o n  r a t e  increases  wi th  increas ing  temperature i n  t h e  range of 
4000"-4900"~.  Thus, a  rninimun appears t o  e x i s t  i n  the  recess ion  
r a t e  i n  ba th  oxygen and f l u o r i n e ,  which may a l s o  be r e f l e c t e d  i n  
t h e  ca r ros ion  d a t a  i n  fluorine-oxygen atmospheres. Again, addi- 
t i o n a l  cor ros ion  s t u d i e s  a r e  requi red  t o  def ine  t h e  e f f e c t  f u r t h e r .  
A T J  g r a p h i t e  t e s t  samples exposed i n  fluorine-oxygen 
atmospheres normally had a t h i n  f i l m  of loose ,  whi te  r e a c t i o n  
product a f t e r  exposure. No corros ion  res idue  was found i n  any 
o t h e r  atmosphere, including the  HF-O2 environments. It appeared, 
TABLE X I V  
Oxygen Spec i f i c  Surface 
Exposure Concen- Weight Weight Recess ion  
Temp. , t r a  t ion ,  Loss, LOSS, Rate, 
OF V/O mg/cm2 /min m i  1s /min 
------I------ 
i4 
---.------------.--U_~.-~v_=._F__ 
------- -------------.---..-u--..--a--------------.- 
( a ) ~ o t a l  flow r a t e  - 10 c f h  (400 f p s ) .  
I I I I u 
3000 3500 4000 4500 5000 
TEMPERATURE, O F  
F i g .  16  - S u r f a c e  l i c c e s s i o n  R a t e  oL A T J  G r a p h i t e  i n  F lowing  
Oxygen, F l u o r i n e ,  and F l u o r i n e  -Oxygen. 
TABLE XV 
CORROSION BEHAVIOR OF ATJ GRAPHITE 
IN FLOWING FLUORINE AND FLUORINE- OXYGEN(^) 
F luor ine  Oxygen Spec i f i c  Surface 
Exposure Concen- Concen- Weight Weight Recession 
Temp., t r a  t i o n ,  t r a  t i o n ,  LOSS, LOSS, Rate,  
O F  V / O  V / O  g mg/cm2 /min milslmin 
( a ) ~ o t a l  flow r a t e  - 10 c f h  (400 f p s )  . 
t h e r e f o r e ,  t h a t  a d i f f e r e n t  cor ros ion  mechanism may have been 
opera t ive  durlng f  luorine-oxygen t e s t s .  
Oxidation-corrosion behavior of ATJ g r a p h i t e  i n  hydro- 
gen f l u o r i d e  and hydrogen fluoride-oxygen atmospheres i s  p resen t -  
ed in  Table X V I  and p l o t t e d  i n  Figure 1 7 .  A s  previously d iscussed ,  
su r face  recess ion  da ta  i n  hydrogen f l u o r i d e  may have been a f f e c t e d  
by sample o r i e n t a t i o n  and/or gas e ros ion .  It was found t h a t  t h e  
lower recess ion  r a t e s  were obtained when samples were rerun and/or  
hea ted  i n  argon p r i o r  t o  t e s t i n g .  I n  any case,  t h e  r eac t ion  r a t e  
of g r a p h i t e  i n  10  v/o hydrogen f l u o r i d e  i s  q u i t e  slow; t h e  reces-  
s i o n  r a t e  i s  about 0.15 millmin a t  4000°F. 
Addition of 0.56 and 2.3 v/o oxygen inc reases  t h e  s u r -  
f ace  r ecess ion  r a t e ,  a s  expected from t h e  oxygen r e s u l t s .  F igure  
1 7  i n d i c a t e s  t h a t  t h e  recess ion  r a t e s  a t  both  oxygen l e v e l s  a r e  
n o t  s t r o n g l y  temperature dependent a l though both curves i n d i c a t e  
a p o s i t i v e  s lope .  The r e a c t i o n  r a t e  of ATJ g r a p h i t e  i n  hydrogen 
fluoride-oxygen i s  2 . 6  mils/min i n  10 v/o HF-2.3 v/o O2 a t  4900°F, 
t h e  h ighes t  of any m a t e r i a l  t e s t e d  i n  t h e  program. This i s  appar- 
e n t l y  due t o  h igh  recess ion  r a t e s  of g r a p h i t e  i n  oxygen atmospheres. 
A comparison of t h e  c a l c u l a t e d  and measured recess ion  
r a t e s  of ATJ g r a p h i t e  i n  fluorine-oxygen and hydrogen f l u o r i d e -  
oxygen a t  3000°, 4000°, and 4900°F i s  presented i n  Figure 18. A s  
p revious ly ,  r ecess ion  r a t e s  i n  0.56 and 2.3 v/o oxygen were ob- 
t a i n e d  by l i n e a r  i n t e r p o l a t i o n  of da ta  i n  4 . 0  and 5.4 v /o  oxygen. 
F igure  18a shows t h a t  ATJ g r a p h i t e  i n  fluorine-oxygen e x h i b i t s  
converse behavior  from t h a t  of tungsten and rhenium; t h e  measured 
recess ion  r a t e s  a r e  lower than t h e  c a l c u l a t e d  r a t e s .  This e f f e c t  
i s  g r e a t e s t  a t  3000°F but  i s  apprec iable  a t  a l l  t h r e e  temperatures .  
The c a l c u l a t e d  recess ion  r a t e  a t  3300°F i s  about m i c e  t h a t  of t h e  
measured r a t e  i n  6.5 v /o  F2-5.4 v/o oxygen. This could be due t o  
t h e  formation of  oxyfluorides  a s  evidenced by t h e  presence of  a 
t h i n ,  white  r e a c t i o n  product n o t  found i n  f l u o r i n e  o r  oxygen. In  
s p i t e  of t h i s  e f f e c t ,  which i s  l e a s t  s i g n i f i c a n t  a t  4900°F, t h e  
s u r f a c e  recess ion  r a t e s  of g r a p h i t e  i n  fluorine-oxygen were the  
h i g h e s t  measured i n  t h e  program, 
TABLE XVI 
CORROSION BEHAVIOR OF AT3 GRAPHITE I N  FLOWING 
Hydrogen 
Fluor ide  Oxygen S p e c i f i c  Surface  
Exposure Concen- Concen- Weight Weight Recession 
Temp, , t r a t i o n ,  t r a t i o n ,  Loss, LOSS, Rate, 
OF V / O  V / O  g mg/cm /min mils/min 
( a ) ~ o t a l  flow r a t e  - 10 c fh  (400 f p s ) .  
( b ) ~ e r u n  samples. 
- 
LEGEND 
lOv/oHF 
10~/0 HF-0.56v/0O2 
I0 V/O HF-2.3 v/0O2 
3000 3500 4000 4500 5000 
TEMPERATURE, O F  
Fig, 17 - Surface Recession Rate of ATJ Graphite in Flowing 
Hydrogen Fluoride and Hydrogen Fluoride-Oxygen. 
-
 
I 
LE
GE
ND
 
o
# 0 
I 
2 
3 
4 
5 
O
XY
G
EN
 C
O
NC
EN
TR
AT
IO
N,
 v
/o
 
(a
) 6
.5
 v
/o 
F2
-O
2 
@
 3
00
0°
F
 e
x
p,
 
0
 3
00
0°
 F
 c
al
c.
 
0 
0 
I 
2 
3 
O
XY
G
EN
 C
O
NC
EN
TR
AT
IO
N,
 v
/o
 
(b
) I
0
 v/
o 
H
F-
0,
 
F
ig
. 
18
 -
 
C
om
pa
ri
so
n 
o
f 
M
ea
su
re
d 
a
n
d 
C
al
cu
la
te
d 
S
ur
fa
ce
 R
ec
es
si
on
 R
at
es
 o
f 
A
TJ
 G
ra
ph
it
e 
in
 F
lo
w
in
g 
F
lu
or
in
e -
O
xy
ge
n 
a
n
d 
H
yd
ro
ge
n 
F
lu
or
id
e -
O
xy
ge
n.
 
I n  hydrogen f luor ide-oxygen  atmospheres (F igu re  18b) ,  
no comparable e f f e c t  i s  i n d i c a t e d .  The c a l c u l a t e d  and measured 
r e c e s s i o n  r a t e s  a r e  s i m i l a r ,  d e s p i t e  t he  f a c t  t h a t  g r a p h i t e  could 
conce ivab ly  behave d i f f e r e n t l y  than me ta l s .  I n t e r a c t i o n s  between 
hydrogen f l u o r i d e  and oxygen r e l e a s i n g  hydrogen could i n c r e a s e  
t h e  s u r f a c e  r e c e s s i o n  r a t e  s i n c e  g r a p h i t e  r e a c t s  w i t h  hydrogen t o  
form hydrocarbons a t  h i g h  tempera tures .  The s i m p l i f i e d  o v e r a l l  
r e a c t i o n  can  be  w r i t t e n  a s :  
Thus, t h r e e  r e a c t i v e  s p e c i e s  could be  p r e s e n t  a t  t h e  g r a p h i t e  s u r -  
f a c e .  However, t h e  p l o t  i n  F i g u r e  18b does n o t  sugges t  t h a t  i n -  
t e r a c  t i o n s  o f  t h i s  type occur red .  Ra ther ,  i t  demons t r a  t e s  t h a t ,  
l i k e  tungs ten  a n d  rhenium, s u r f a c e  r e c e s s i o n  i s  p r i m a r i l y  due t o  
o x i d a t i o n ,  
f .  -------- Carbide-Graphi t e  Composites --
The c a n d i d a t e  c a r b i d e - g r a p h i t e  composi tes ,  developed un- 
d e r  c o n t r a c t  NASr-65-(09), (8) were HfC-33 v/o C and TaC-20 v/o C 
f a b r i c a t e d  by h o t - p r e s s i n g  and r e s u l t i n g  i n  d e n s i t i e s  of 95-97%. 
T e s t  samples o f  t h e s e  m a t e r i a l s  were s ec t ioned  from bulk  m a t e r i a l  
and eva lua t ed  i n  f l u o r i n e  and hydrogen f l u o r i d e  t o  4000°F i n  e a r -  
l i e r  work on t h i s  program. ( 2 )  The data were extended t o  5000°F 
d u r i n g  the  c u r r e n t  y e a r .  As w i t h  ATJ g r a p h i t e ,  no a t t empt s  were 
made t o  c o r r e l a t e  t he  ox ida t ion -co r ros ion  behavior  w i t h  any o r i e n -  
t a  t i o n  de r ived  i n  f a b r i c a t i o n ,  However, i t  was p rev ious ly  found 
t h a t  t h e  c o r r o s i o n  r a t e  i n  hydrogen f l u o r i d e  was dependent on t h e  
known sample o r i e n t a t i o n  of HfC-C. Any o r i e n t a t i o n  e f f e c t s  were 
negated i n  t h e  c u r r e n t  work by t h e  h ighe r  r e a c t i o n  r a t e s  i n  t h e  
combined environments.  
The c o r r o s i o n  mechanisms o f  c a r b i d e - g r a p h i t e  composites 
i n  t h e  combined environments a r e  d i f f e r e n t  than t h a t  of metals  and 
g r a p h i t e .  Both of t h e  c a r b i d e  m a t e r i a l s  form s o l i d  ox ides  w i t h i n  
t h e  t e s t i n g  range  of  t h i s  program, whereas a l l  of t he  r e a c t i o n  prod- 
u c t s  o f  metals  and g r a p h i t e  a r e  gaseous .  However, t h e  mel t ing  
p o i n t s  of the formed oxides a r e  cons iderably  d i f f e r e n t .  Ta205 
has a  melt ing po in t  of about 3400°F, whereas Hf02 melts  a t  about 
5000°F. Consequently, t h e  ca rb ide  composite ma te r i a l s  inckuded a  
m a t e r i a l  which exh ib i t ed  a  l i q u i d  oxide (TaC-C) and a  s o l i d  oxide 
(HfC-C) throughout most of t h e  3000"-5000°F range of t e s t i n g  i n  
t h e  program. Since t h e s e  m a t e r i a l s  do not  develop s o l i d  f i lms  i n  
e i t h e r  f l u o r i n e  or  hydrogen f l u o r i d e ,  i t  was expected t h a t  t h e  
above d i f f e r e n c e s  would i n f h e n c e  the  co r ros ion  behavior i n  t h e  
combined environments, 
Another f a c t o r  i n  t h e  oxida t ion-corros ion  mechanism of 
ca rb ide  composites i n  oxygen-containing atmospheres i s  important 
because of t h e  g r a p h i t e  phase t h a t  i s  p resen t  and t h e  mechanism 
of r e a c t i o n  of t h e  ca rb ide .  Oxidation of t h e  M C phase t o  M 0  
x Y x Y 
r e s u l t s  i n  a  weight ga in .  However, t h i s  i s  accompanied by weight 
l o s s e s  due t o  t h e  formation of  gaseous C O  and/or C02. The i n d i -  
v i d u a l  r e a c t i o n s  i n  oxygen can be w r i t t e n  as fol lows:  
The o v e r a l l  r e a c t i o n  i s  t h e r e f o r e :  
As previous ly  d iscussed ,  M 0  i s  a  s o l i d  (Hf02) f o r  ha£- 
x Y 
nium ca rb ide  and a l i q u i d  ( T ~ ~ O ~ )  fo r  tantalum carbide .  The 
weight change res .u l t ing  from t h e  o v e r a l l  r e a c t i o n  can be r e a d i l y  
c a l c u l a t e d  from information on t h e  composite composition. Assum- 
ing complete r e a c t i o n  and f u l l  dens i ty  of t h e  composite, ox ida t ion  
2 
r e s u l t s  i n  weight g a i n  of 2.5 mg/cm / m i l  f o r  TaC-20 v /o  C and a  
2 
weight l o s s  of 0 .3 mg/cm / m i l  f o r  HfC-33 v / o  C .  These c a l c u l a -  
t i o n s  apply only f o r  s h o r t  exposure times because t h e  development 
of t h e  s t a b l e  oxide l a y e r  r e s u l t s  i n  nonl inear  oxida t ion  r a t e s ,  
I f  t h e  formed oxide s p a l l s  from t h e  s u r f a c e ,  t h e  weight l o s s e s  
2 
a r e  about 23 and 30 mg/cm / m i l  f o r  HfC-33 v /o  C and TaC-20 v/o C ,  
-- ~ e s p e c t i v e l y .  - This i l l u s t r a t e s  t h e  overr id ing  e f f e c t  of s p a l l i n g  
on t h e  measured weight change of carb ide  composites exposed i n  
oxygen. 
In  t h e  combined environments, a d d i t i o n a l  complexi t ies  
of t h e  r e a c t i o n  mechanism can occur.  Depending upon t h e  r a t i o  of 
osygen t o  f l u o r i n e  o r  hydrogen f l u o r i d e ,  oxida t ion  of t h e  ca rb ide  
phase could proceed p r e f e r e n t i a l l y .  The s i m p l i f i e d  i n d i v i d u a l  
r e a c t i o n s  f o r  oxygen-fluorine can be w r i t t e n  as  fol lows:  
The o v e r a l l  r e a c t i o n ,  i n  terms of gaseous s u r f a c e  recess ion  only,  
can be w r i t t e n :  
However, t h e  p o s s i b i l i t y  of i n t e r a c t i o n s  of f l u o r i n e  with carbon 
and/or  t h e  formation of both m e t a l l i c  and carbonaceous oxyfl.uo- 
r i d e s  cannot be ignored.  I n c h d i n g  t h e s e  p o s s i b i l i t i e s  and elim- 
i n a t i n g  fluorine-oxygen compounds, t h e  o v e r a l l  r e a c t i o n  can be 
w r i t t e n  a s :  
Thus, one s o l i d  or  l i q u i d  and f i v e  genera l  gaseous spec ies  a r e  
p o s s i b l e  i n  t h e  r e a c t i o n .  It i s  un l ike ly  t h a t  a l l  t h e s e  products 
a r e  formed. Rather ,  t h e  measured su r face  recess ion  was most l i k e -  
l y  c o n t r o l l e d  by the  formation of two or t h r e e  r e a c t i o n  products 
dependent upon the  fluorine-oxygen r a t i o .  It was found t h a t  
both ca rb ide  and bor ide  composites normally had some oxide 
rpsirllle on t h e  r e a c t i o n  s u r f a c e  a f t e r  exposure. The above r e -  
a c t i o n  does i l l u s t r a t e  t h e  very complex oxida t ion-corros ion  mech- 
anism of these  m a t e r i a l s .  
The oxida t ion-corros ion  behavior of HfC-33 v /o  C i n  ox- 
ygen, f l u o r i n e ,  and fluorine-oxygen i s  summarized i n  Table X V I I  
and p l o t t e d  i n  Figure 19. Oxidation d a t a  a represen ted  two ways 
i n  Table X V I I ,  Because of t h e  low weight change and p o s s i b i l i t y  
of  oxide s p a l l i n g  a s s o c i a t e d  with oxida t ion  of carb ide  composites 
and bor ides ,  c a l c u l a t i o n s  of  s u r f a c e  recess ion  from weight l o s s -  
e s  a r e  ques t ionable .  Accordingly, an a l t e r n a t e  approach was used 
t o  o b t a i n  s u r f a c e  recess ion  i n  oxygen f o r  HfC-C, TaC-C, and Z r B p -  
Sic-C. A f t e r  expos.ure, t h e  oxide p resen t  on t h e  sample was me- 
c h a n i c a l l y  removed, and t h e  samples re-weighed f o r  s u r f a c e  r e c e s -  
s i o n  c a l c u l a t i o n s .  Removal of t h e  oxide was not  d i f f i c u l t  f o r  
HfC-C composites exposed a t  3000" and 4000°F s i n c e  t h e  uniform, 
white  oxide developed was f r i a b l e ,  Samples exposed a t  5000°F 
above t h e  melt ing po in t  of Rf02 (4900°F)  had a  gray, g l a s s y  ox- 
i d e ,  which was blown from t h e  sample by t h e  gas stream. Conse- 
quent ly ,  oxide removal was continuous during t h e  run leaving a  
r e l a t i v e l y  t h i n  oxide l aye r  a f t e r  exposure. Except f o r  oxide 
c l i n g i n g  t o  t h e  edges of t h e  t e s t  sample, removal of the  t h i n  r e -  
s i d u a l  oxide was no t  necessary .  Table X V I I  inc ludes  both methods 
of  c a l c u l a t i o n ,  a l though t h e  oxide removal method i s  probably 
more accura te .  Both methods conta in  the  e r r o r s  introduced by a s -  
suming a l i n e a r  time dependence f o r  a  system which should e x h i b i t  
nonl inear  oxida t ion  r a t e s .  
The su r face  recess ion  d a t a  i n  6 .5  v /o  f l u o r i n e  show a  
s i m i l a r  r e s u l t  t o  t h a t  of A T J  g r a p h i t e  i n  t h a t  a  minimum e x i s t s  a t  
about 4 5 0 0 " ~ .  It  w i l l  be shown subsequently t h a t  TaC-C composites 
e x h i b i t  a  s i m i l a r  behavior ,  In  view of t h e  minimum sho~~m fn r  A T J  
g r a p h i t e ,  some of t h e  measured inc rease  above 4500°F can be a t -  
t r i b u t e d  t o  t h e  g r a p h i t e  p o r t i o n  of the  composite. However, t h e  
volume f r a c t i o n  of g r a p h i t e  i n  these  m a t e r i a l s  i s  i n s u f f i c i e n t  
TABLE XVII: 
CORROSION BEHAVIOR OF HfC-33 v/o C I N  
FLOWING OXYGEN, FLUORINE, AND FLUORINE  OXYGEN(^) 
I--- ---- ------ 
._._u_--- 
-- --------- 
---- 
----------------- -------- 
F l u o r i n e  Oxygen S p e c i f i c  ~-&face 
Exposure Concen- Concen- Weight Weight Recession 
Temp., t r a  t i o n ,  t r a  t i o n ,  LOSS, Loss, Rate ,  
OF V / O  V / O  g mg/cm2 /min mils/min 
---_.----- ------s__m____I-__.------q__C-_I__ - --- ---- 
3000 - - 2 .3  +0.005 +0.7 - - 
3000 - - 2 .3  0.095 13.7 (C > 
4000 - - 2 . 3  0.002 0 . 3  :: g: (b) 
4000 - - 2 . 3  0.152 20.8 
5000 - - 0.429 49.2 2.10 
0 .  
2 . 3  
- - 5000 2 .3  0.463 53.2 2 . 3 0 ( ~ )  
( a ) ~ o t a l  flow r a t e  - 10 c fh  (400 f p s ) .  
( b ) ~ u r f a c e  r e c e s s i o n  c a l c u l a t e d  from ox ida t ion  s to ich iometry .  
( ' ) sur face  r e c e s s  ion  c a l c u l a t e d  from weight l o s s  a f t e r  ox ide  
removal. 
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t 2  p r ~ v i d e  a l l  o f  t h e  measured minimum, The inc rease  i n  r e c e s -  
s i o n  above 4500°F can be explained by t h e  tendency of carb ides  
t o  r e j e c t  carbon a t  high temperatures r e s u l t i n g  i n  me ta l - r i ch  
ca rb ides .  Meta l l i c  tantalum and hafnium had t h e  h i g h e s t  r eac -  
t i o n  r a t e s  i n  f l u o r i n e  measured i n  t h i s  program. ( 2 )  1t is  no t  
s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  an i n c r e a s e  i n  r ecess ion  r a t e  i s  ob- 
t a i n e d  a t  4500"-5000°F, s i n c e  any tendency t o  produce a metal-  
r i c h  phase should i n c r e a s e  t h e  r ecess ion  r a t e .  
The recess ion  r a t e s  i n  6.5 v / o  F2-5.4 v/o O2 and 6.5 
V / O  F2-4. 0 v/o O2 i n d i c a t e  a somewhat d i f f e r e n t  cor ros ion  behav- 
i o r  a t  h igher  oxygen l e v e l s ;  t h e  temperature dependence of s u r -  
face  r ecess ion  appears g r e a t e r  a t  5.4 v /o  02. The d a t a  po in t  a t  
5000°F was run i n i t i a l l y  i n  4.0 v/o 02. Some flow of oxide de- 
veloped on t h e  sample. To e l imina te  t h i s  e f f e c t ,  t h e  t e s t  tem- 
p e r a t u r e  was lowered t o  4 7 5 0 " ~  f o r  6.5 v /o  F2-5.4 v / o  02. How- 
ever ,  t h e  r e s u l t s  i n d i c a t e  l i t t l e  d i f f e r e n c e  i n  measured r e c e s -  
s i o n  r a t e s ,  due t o  t h e  complexity of t h e  oxida t ion-corros ion  
r e a c t i o n s  descr ibed  previous ly .  
Both environments demonstrate t h a t  the  r e c e s s i o n  r a t e s  
i.n oxygen-f luorise  a r e  probably a c c e l e r a t e d  by t h e  combined en- 
vironment. This should no t  be s u r p r i s i n g  i n  view of t h e  poor 
r e s i s t a n c e  of oxides t o  f l u o r i n e  and hydrogen f l u o r i d e ,  (10) A~ 
previous ly  s t a t e d ,  a l l  samples -exposed i n  fluorine-oxygen had 
t h i n  oxide f i lms  on t h e  samples a f t e r  exposure. Below 5000°F 
t h e s e  oxides were whi te  and powdery, bu t  a t  5000°F t h e  oxide was 
s l i g h t l y  more continuous; i n  no case  were t h i c k  oxides found on 
t h e  r e a c t i o n  s u r f a c e ,  However, g l a s s y  oxide globules  were found 
on t h e  edges of 5000°F samples, i n d i c a t i n g  some flow of oxide had 
occurred during exposure, 
The cor ros ion  behavior of HfC-33 v / o  C i n  hydrogen f l u -  
o r i d e  and hydrogen fluoride-oxygen i s  presented  i n  Table X V I I I ;  
s u r f a c e  recess ion  d a t a  a r e  p l o t t e a  i n  Figure 20. Surface  r e c e s -  
s i o n  i n  10 v /o  HF i s  very low i n  t h e  range of 3000°F-4500°F, bu t  
i n c r e a s e s  ab rup t ly  i n  t h e  range of 4500"-5000°F, due t o  a boss of 
TABLE X V I I I  
CORROSION BEHAVIOR OF HfC-33 v/o C I N  FLOWING 
-- ----- ---- PI - - - -_ .__Y_-_ l_ l  
------__L----------- P-I__--------P 
Hydrogen 
F luor ide  Oxygen Spec i f i c  Surface  
Exposure Concen- Concen- Weight Weight Recess ion 
Temp. , t r a  t i o n ,  t r a  t ion ,  Loss , Loss, Rate,  
OF V/ 0 V/ 0 g mg/cm2/min mils/min 
I---- -- -----I_--------- ---- - 
-- - - - 
( a ) ~ o t a l  flow r a t e  - 10 c f h  (400 f p s ) .  
.T IN6 POINT Hf02 
3000 3500 4000 4500 5000 
TEMPERATURE, OF 
F i g .  20 - S u r f a c e  R e c e s s i o n  Ra te  o f  HfC-33 v / o  C i n  Flowing 
Hydrogen F l u o r i d e  and Hydrogen Fluoride-Oxygen . 
- -."I. n.-. 
L a L U V L I  f r ~ m  t h e  ca rb ide  phase previous ly  shown i n  f l u o r i n e ,  Ad- 
d i t i o n s  of 0.56 and 2.3 v / o  oxygen i n c r e a s e  t h e  r ecess ion  r a t e  
cons iderably ,  p a r t i c u l a r l y  a t  higher  temperatures.  A t  5000°F, 
t h e  r ecess ion  r a t e s  i n  10 v / o  HF-0.56 v / o  O2 and 10 v /o  HF-2.3 
V / O  O2 a r e  about 2.0 and 6.3 milslmin, r e s p e c t i v e l y .  A por t ion  
of  t h e  abrupt  i n c r e a s e  a t  5000°F could be due t o  oxida t ion  and 
mel t ing  of Hf02, s i n c e  some g l a s s y  m a t e r i a l s  was p resen t  a s  g lob-  
u les  on t h e  edges of t h e  samples. These globules  a l s o  contained 
a  b lack  phase whichwas apparent ly  g r a p h i t i c  m a t e r i a l  eroded from 
t h e  sample s u r f a c e ,  A l l  of  t h e s e  f a c t o r s  probably con t r ibu ted  t o  
t h e  very high recess ion  r a t e s  measured i n  hydrogen f l u o r i d e -  
oxygen a t  5000°F, 
Oxidat ion-corrosion d a t a  f o r  TaC-20 v /o  C i n  oxygen, 
f l u o r i n e ,  and fluorine-oxygen a r e  contained i n  Table X I X  and 
p l o t t e d  i n  Figure 21. As previous ly  d iscussed ,  Ta205 mel ts  a t  
about 3400°F, and a l i q u i d  oxide i s  formed i n  oxygen atmospheres 
above t h i s  temperature.  Under t h e s e  cond i t ions ,  s u r f a c e  r e c e s -  
s i o n  c a l c u l a t i o n s  from weight l o s s  a r e  inappropr ia t e ,  s o  a l t e r -  
n a t e  approaches f o r  HfC-33 v /o  C were used, Surface  recess ion  a t  
3000°F was c a l c u l a t e d  by t h e  s to ich iomet r i c  weight l o s s  a n a l y s i s  
descr ibed  previous ly  f o r  TaC-C; i . e , ,  a  weight ga in  of approxi-  
2  
mately 2,5 mg/cm / m i l  f o r  t h e  formation of a  s o l i d  oxide.  A t  
4000°F, some a b l a t i o n  of t h e  g l a s s y  t r ansparen t  formed oxide 
occurred.  Surface  r e c e s s i o n  c a l c u l a t i o n s  a t  4000°F were ob- 
t a i n e d  from t h e  weight l o s s  a f t e r  mechanical removal of t h e  ox- 
i d e  l a y e r ,  Extensive sample d e t e r i o r a t i o n  occurred a t  both  2 . 3  
and 5.4 v /o  a t  5000°F. Tes t  samples a f t e r  exposure included a  
l a r g e  g lobule  of g l a s s y  oxide,  a l though l i t t l e  a b l a t i o n  occurred 
a s  shown by the  r e l a t i v e l y  low weight l o s s e s .  For t h e s e  t e s t s ,  
t h e  s u r f a c e  recess ion  was es t imated  from t h e  dimensions of t h e  
unreacted por t ion  of t h e  sample a f t e r  exposure,  The s u r f a c e  
r e c e s s i o n  r a t e s  a t  t h e  var ious  t e s t  condi t ions  i n  oxygen (Ta- 
b l e  X I X )  were obtained by both  methods whenever poss ib le .  The 
s u r f a c e  recess ion  c a l c u l a t e d  a t  3000°F and 4000°F show reason-  
a b l e  c o r r e l a t i o n  of t h e  two methods. Furthermore, t h e  r ecess ion  
TABLE X I X  
CORROSION BEHAVIOR OF TaC-20 v/o C I N  
FLOWING OXYGEN, FLUORINE, AND FLUORINE   OXYGEN(^) 
--=_-------- -------- - - 
F l u o r i n e  Oxygen S p e c i f i c  S u r f a c e  
Exposure Concen- Concen- Weight Weight Recess i o n  
Temp. , t r a  t i o n ,  t r a  t i o n ,  Loss,  Loss ,  Ra te ,  
O F  V/ 0 V/ 0 g  mg/cm2/min mi l s lmin  
' (d) 20.00 
( a ) ~ o t a l  f low r a t e  - 10 c f h  (400fps) .  
( b ) ~ u r f a c e  r e c e s s i o n  based on o x i d a t i o n  s  to ich iomet ry  . 
( ' ) sur face  r e c e s s i o n  c a l c u l a t e d  a f  t e r  oxide removal. 
( d ) ~ x t e n s i v e  o x i d a t i o n  of sample;  s u r f a c e  r e c e s s i o n  e s  t i -  
ma ted from f i na  1 dimens i o n s  . 
TEMPERATURE,  OF 
F i g .  2 1  - S u r f a c e  Recess ion  Rate  o f  TaC-20 v/o C i n  Flowing 
Oxygen, F l u o r i n e ,  and F l u o r i n e  -Oxygen. 
r a t e  a t  4000°F i s  not  much d i f f e r e n t  than a t  3000°F a t  both oxy- 
gen l e v e l s .  The formation of a  molten oxide d id  no t  cause c a t a s -  
t roph ic  ox ida t ion  a t  600°F above the  mel t ing  po in t  of Ta205,and 
thus ,  i n  c o n t r a s t  t o  HfC-C which exh ib i t ed  a b l a t i o n  of molten ox- 
i d e  a t  about i t s  melt ing p o i n t ,  TaC-C developed a  high v i s c o s i t y  
oxide which provided p r o t e c t i o n  t o  a t  l e a s t  4000°F. 
F igure  21 a l s o  shows t h a t  TaC-C, l i k e  ATJ g r a p h i t e  and 
HfC-C, e x h i b i t s  a  s i m i l a r  co r ros ion  curve minimum i n  f l u o r i n e  a t  
4500°F. The e f f e c t ,  however, i s  no t  a s  g r e a t  f o r  TaC-20 v/o C a s  
f o r  HfC-33 v /o  C ,  p a r t i a l l y  due t o  the  lower volume f r a c t i o n  of  
g r a p h i t e  i n  t h e  TaC-20 v /o  C composite. Surface  recess ion  i n  
6.5 v /o  F2 i s  about 1 millmin a t  5000°F. 
Below 4000°F, the  oxida t ion-corros ion  r a t e  i n  f l u o r i n e -  
oxygen changes l i t t l e  i n  5 .4  v /o  oxygen, but  decreases  s l i g h t l y  
w i t h  i n c r e a s i n g  temperature i n  6.5 v /o  F2-4.0 v /o  0 2 .  I n  f a c t ,  
t h e  measured i n c r e a s e  r a t e s  a r e  s l i g h t l y  h igher  a t  the  lower oxy- 
gen l e v e l  a t  3000°F-4000°F. It i s  n o t  known whether t h i s  i s  due 
t o  experimental  e r r o r ,  o r  t h e  c o n t r o l l i n g  mechanism. However, 
t h e  da ta  i s  reasonably reproducib le  sugges t ing  t h a t  the  e f f e c t  i s  
due t o  the  oxida t ion-corros ion  mechanism. A t  5000°F, ex tens ive  
a t t a c k  of t h e  t e s t  samples occurred a s  descr ibed previous ly  f o r  
oxygen t e s t s ,  Surface  recess ion  f o r  t h e s e  cond i t ions  were a l s o  
est imated from t h e  f i n a l  sample dimensions, a l though d e t e r i o r a -  
t i o n  of t h e  tests samples a t  6.5 v / o  F2-4.0 v / o  O2 was somewhat 
l e s s  than i n  oxygen. Samples exposed a t  5000°F i n  6 .5  v /o  F2- 
4 .0  V / O  O2 exh ib i t ed  extens ive  c r a t e r i n g  a f t e r  exposure r a t h e r  
than the  g e n e r a l  dimensional d e t e r i o r a t i o n  t h a t  occurred i n  
4 .0  v/o oxygen. 
Oxidat ion-corrosion da ta  f o r  TaC-20 v / o  C i n  hydrogen 
f l u o r i d e  and hydrogen fluoride-oxygen i s  summarized i n  Table -. xx 
and p l o t t e d  i n  F igure  22. Here the  r e s u l t s  a r e  somewhat s u r p r i s -  
ing  because of  t h e  ve ry  s t r o n g  temperature dependence of the  co r -  
ros ion  i n  10 v / o  HF-2.3 v /o  0 2 .  A minor change i n  s lope  does 
e x i s t  i n  10 v /o  HF a t  about 4000°F, but  does no t  appear t o  be 
TABLE XX 
CORROSION BEHAVIOR OF TaC-20 v/s C I N  FLOWING 
HYDROGEN FLUOAIDE AND HYDROGEN FLUORIDE- OXYGEN(^) 
- - - --- -- - - - - -- - - - - - - - - - - - - - -- -- 
- - - -U---P-C---- - -P---- - - . I - - - - - - - - -  - 
Hydrogen 
F luor ide  Oxygen S p e c i f i c  Surface  
Exposure Concen- Concen- Weight Weight Recession 
Temp., t r a t i o n ,  t r a t i o n ,  Loss , LOSS, Rate,  
OF V/ 0 V/ 0 g mg/cm2 /min mils/min 
-___C_I---___.--_l_. - -Y__- --- -- 
( a ) ~ o t a l  flow r a t e  - 10 c f h  (400 fps)  . 
( b ) ~ s  t i m a  ted from sample dimensions a f t e r  exposure. 
SURFACE RECESSION RATE, rnils/min 
0 
- 
N (rJ P UI 6) -J (30 
0 
r e f l e c t e d  i n  t h e  d a t a  i n  10 v /o  HF-0.56 v / o  02. The sample ex- 
posed i n l O v / o  HF-2.3 v / o Q 2  a t  5000°F d i d  not  d e t e r i o r a t e  t o  t h e  
same e x t e n t  a s  t h e  sample exposed i n  2.3 v /o  oxygen. However, 
t h e  s u r f a c e  recessi-on f o r  t h i s  sample was a l s o  est imated f r m  
t h e  f i n a l  sample dimensions. Both fluorine-oxygen and hydrogen 
fluoride-oxygen atmospheres, t h e r e f o r e ,  tended t o  reduce t h e  ca-  
t a s t r o p h i c  oxida t ion  obtained i n  oxygen, 
Comparison of t h e  experimental  and c a l c u l a t e d  (sumrnat- 
ed)  r a t e s  f o r  HfC-C and TaC-C a r e  presented i n  Figures 22 and 23, 
r e s p e c t i v e l y .  As previous ly ,  d a t a  f o r  i n t e r i m  po in t s  i n  oxygen 
were obtained by i n t e r p o l a t i o n  of da ta  i n  2 ,3  and 5.4 v / o  oxygen. 
For HFC-C f luorine-oxygen (Fig.ure 22a),  t h e  c a l c u l a t e d  rec.ession 
r a t e s  a r e  cons iderably  lower than t h e  measured r a t e s  a t  3000°F 
and 4000°F, whereas a  c l o s e  c o r r e l a t i o n  i s  obtained a t  5000°F 
due t o  t h e  ,use of l i n e a r l y  ca lc .u la ted  oxida t ion  da ta .  If t h e  
r 1 ins tantaneous  ox ida t ion  r a t e "  were ,used, a  c l o s e r  c o r r e l a t i o n  
of t h e  calc~ulatecl  and experimental  r a t e s  could be expected. The 
I t  i ns tan taneous  ox ida t ion  r a t e "  i s  t h a t  e a r l y  p o r t i o n  of t h e  pa r -  
t i c u l a r  weight ga in  v s . t h e  l i n e a r  time c.urve and i s  approximated 
a t  5000°F by a b l a t i o n  of molten oxide,  Thus, a t  5000°F, t h e  r a t e  
of oxida t ion-corros ion  of HfC-C i n  fluorine-oxygen i s  g e n e r a l l y  
c o n t r o l l e d  by t h e  r a t e  of oxida t ion .  
I n  hydrogen f  1,uoride-oxygen (Figure 22b) the  conctu- 
s ions  a r e  s i m i l a r ;  t h e  ca lc .u la ted  r a t e  i s  lower than the  exper i -  
mental  r a t e  a t  3000°F and 4000°F, and a c o r r e l a t i o n  of both  r a t e s  
i s  obtained a t  5 0 0 0 " ~ ~  Thus, a  s i m i l a r i t y  e x i s t s  i n  the  c o n t r o l -  
l i n g  mechanism i n  both fluorine-oxygen and hydrogen f1,uoride-oxygen. 
Figure 23 i l 1 , u s t r a t e s  t h a t  TaC-C e x h i b i t s  a  s i m i l a r  com- 
par i son  of t h e  c a l c u l a t e d  and measured r a t e s .  For TaC-C, c a t a s -  
t r o p h i c  oxida t ion  a t  5000°F dominates t h e  corros ion  behavior i n  
t h e  combined environments, A t  3000°F and 4000°F, t h e  c a l c u l a t e d  
r a t e s  a r e  lower than t h e  measured r a t e s  except a t  3000°F i n  hydro- 
gen fluoride-oxygen, Apparently,  t h e  oxida t ion-corros ion  r a t e  of 
TaC-C i n  t h e  combined environments i s  c o n t r o l l e d  by t h e  r a t e  of 
r e a c t i o n  wi th  oxygen, 
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The candida te  ZrB2-SIC-C composite, an experimental  
m a t e r i a l  c o n s i s t i n g  of ZrB2-14 v /o  Sic-30 v /o  C ,  was f a b r i c a t e d  
a t  ManLabs Inc .  on Contract  AF33 (615) -3611. The a d d i t i o n s  of 
t h e  S i c  and carbon a r e  in tended t o  improve oxida t ion  and thermal 
shock r e s i s t a n c e  of t h e  m a t e r i a l .  Machined t e s t  samples of t h e  
bor ide  composite were supp l i ed  by ManLabs from l o t s  V I I I  07-2317L 
and V I I I  07-00621K. The d e n s i t y  used f o r  s u r f a c e  recess ion  c a l -  
c u l a t i o n s  was 4.37 g /cc ,  which i s  wi th in  t h e  normal range of h o t  
pressed  d e n s i t y  f o r  t h i s  m a t e r i a l ,  
S ince  t h e  bor ide  m a t e r i a l  w a s  experimental ,  no emit-  
tance  d a t a  were a v a i l a b l e ,  An emit tance of 0.85 was assumed be- 
cause of t h e  h igh  volume f r a c t i o n  of carbon and s i l i c o n  c a r b i d e ,  
bu t  was found t o  be too  h igh  during t e s t i n g .  As a r e s u l t ,  t h e  
t e s t  temperatures descr ibed i n  t h e  following d a t a  t a b l e s  and f i g -  
ures  a r e  about 200"-400°F below t h e  a c t u a l  temperature bu t  do n o t  
modify t h e  r e s u l t i n g  oxida t ion-corros ion  information t o  any g r e a t  
e x t e n t .  Oxidat ion-corrosion d a t a  of ZrB2-Sic-C were l i m i t e d  t o  
4000°F because of melt ing of  t h e  composite a t  4500°F. A l l  4000°F 
t e s t s  a l s o  r e s u l t e d  i n  s l i g h t  edge melt ing.  Assuming t h e  co r rec -  
t e d  temperature of 4000°F t o  be t h e  a c t u a l  mel t ing  po in t  of 
4350°F, t h e  r e s u l t i n g  emit tance i s  about 0.5. 
The oxida t ion-corros ion  behavior of ZrB2-Sic-C i n  oxy- 
gen,  f l u o r i n e ,  and fluorine-oxygen i s  summarized i n  TableXXIand 
p l o t t e d  i n  Figure 24. A cons tan t  r ecess ion  r a t e  i s  exh ib i t ed  i n  
6.5 v /o  f l u o r i n e  a t  2.0 mils/min and a low r a t e  exh ib i t ed  i n  4.0 
and 5.4v/ooxygen of about 1 .0  mils/min over t h e  range of 3000"- 
4000°F. Like t h e  carbon composites, t h i s  m a t e r i a l  a c t s  a s  a pa r -  
t i a l  a b l a t o r  because of t h e  g r a p h i t e  phase. However, i n  oxygen 
t h e  s i l i c o n  ca rb ide  phase r e a c t s  t o  form CO o r  C02 and a s i l i c o n  
oxide,  Above 3000°F, s i l i c o n  oxides a l s o  vapor ize ,  probably as  
SiO, adding t o  t h e  weight l o s s .  Thus, the  ZrB2-Sic-C composite 
i n  oxygen has a complex a b l a t i v e  mechanism producing C 0 and 
x Y 
S i  0 (and perhaps B 0 ) gaseous phases,  and a s o l i d  oxide Z r O  
x Y x Y 2 "  
TABLE XXI 
CORROSION BEHAVIOR OF Z r B 2  - S i c  -C I N  FLOWING 
HYDROGEN FLUORIDE AND HYDROGEN FLUORIDE   OXYGEN(^) 
Hydrogen 
F l u o r i d e  Oxygen S p e c i f i c  Sur face  
Exposure Concen- Concen- Weight Weight Recess ion  
Temp., t r a t i o n ,  t r a t i o n ,  LOSS, LOS s , Rate,  
OF V/ 0 V/ 0 g mg/cm2 /min mils/min 
3000 10 2 .3  0.222 26.4 2 .38 
3500 10 2 .3  0.326 39 .1  3 .44 
4000 10 2 . 3  0.374 45.0 4 .05 
--- PP 
( a ) ~ o t a l  £ lox  r a t e  - 10 c f h  (400 fps )  . 
11 6.5 v/o F2 
0 6.5 V/O F2- 5.4 V/O O2 
d 6.5 V/O F2 -4 .0  V/O o2 
MELTING POINT (OBS)  
3500 4000 4500 
TEMPERATURE, O F  
Fig. 24 - Surface Recession Rate of ZrB2-Sic-C in Flowing 
Oxygen, Fluorine, and Fluorine-Oxygen. 
T h i s  normal ly  r e s u l t s  i n  a  weight  l o s s  a t  a l l  oxygen concen t r a -  
t i o n s .  Assuming evapora t ion  of a l l  b u t  t h e  Zr02 r e a c t i o n  produc t ,  
t h e  c a l c u l a t e d  weight  l o s s  r e s u l t i n g  from s t o i c h i o m e t r i c  o x i d a t i o n  
0 
i s  about  3  mg/cmL/mil. Again, t h i s  must on ly  apply  f o r  s h o r t  ex- 
posure  t imes because of t h e  s o l i d  Zr02 which i s  formed. 
S u r f a c e  r e c e s s i o n  r a t e s  i n  oxygen ob ta ined  by both meth- 
ods desc r ibed  p r e v i o u s l y  f o r  c a r b i d e  composites a r e  p re sen ted  i n  
T a b l e  XXIL These inc lude  c a l c u l a t i o n  of r e c e s s i o n  from t h e  meas- 
ured weight  l o s s  assuming g r a p h i t e  evapora t ion  of a l l  p roduc ts  ex- 
c e p t  Zr02.  S u r f a c e  r e c e s s i o n  was a l s o  c a l c u l a t e d  from weight  l o s s  
a f t e r  mechanical  removal of t h e  ox ide .  Complete removal of t h e  
ox ide  was n o t  p o s s i b l e  from samples exposed a t  4000°F because of 
s l i g h t  edge m e l t i n g ;  t h e s e  d a t a  a r e  t h e r e f o r e  s l i g h t l y  low. How- 
ever, t h e  r a t e s  shown a t  4000°F a r e  s l i g h t l y  low s i n c e  
t h e  ox ide  formed a t  4000°F was dense r  and, t he re fo re ,  should have 
been more p r o t e c t i v e .  Su r f ace  r e c e s s i o n  d a t a  i n  oxygen p l o t t e d  
i n  F igu re  24 a r e  t hose  ob ta ined  by t h e  oxide removal method. 
I n  c o n t r a s t  t o  bo th  oxygen and f l u o r i n e ,  F i g u r e  24 shows 
a  s t r o n g  temperature  dependence of t h e  r e c e s s i o n  r a t e  i n  bo th  6 . 5  
V / O  F2-4.0  v /o  O2 and 6 .5  v/o  F2-5.4 v/o  02 ,  and t h e r e f o r e ,  i n d i -  
c a t e s  t h a t  a  s y n e r g i s t i c  e f f e c t  of  t h e  combined environment i s  
o p e r a t i v e .  The r e c e s s i o n  r a t e  i n  f luor ine-oxygen i s  about  4 . 7  
mils /min a t  4 0 0 0 " ~ .  Boride  composi te  samples t e s t e d  i n  f l u o r i n e -  
oxygen had a  t h i n ,  g ray  r e s i d u a l  ox ide ,  whereas t hose  eva lua t ed  i n  
oxygen had a  t h i c k e r ,  w h i t e  ox ide .  
Oxida t i o n - c o r r o s i o n  d a t a  f o r  Z r B  -Sic  -C i n  hydrogen 
2  
f l u o r i d e  and hydrogen f luor ide-oxygen  i s  p resen ted  i n  Table  X X I I  
and p l o t t e d  i n  F i g u r e  25. These r e s u l t s  show c o r r o s i o n  behavior  
i n  hydrogen f luor ide-oxygen  s i m i l a r  t o  t h a t  o f  t h e  c a r b i d e  compos- 
i t e s .  A maximum i n  t h e  r e c e s s i o n  r a t e  curve  e x i s  t s  a t  3500°F i n  
0 .56  v /o  oxygen. I n  c o n t r a s t ,  a  s t r o n g  temperature  dependence i s  
shown f o r  2 . 3  v/o  oxygen; t h e  r e c e s s i o n  r a t e  n e a r l y  doubles  a t  
4 0 0 0 " ~  compared t o  3000°F. Thus, t h e  measured c o r r o s i o n  r a t e  ap-  
pea r s  t o  be  dependent upon t h e  hydrogen f l u o r i d e  t o  oxygen r a t i o .  
TABLE X X I I  
CORROSION BEHAVIOR OF ZrB2-Sic-C I N  FLOWING 
OXYGEN, FLUORINE, AND FLUORINE   OXYGEN(^) 
F luor ine  Oxygen S p e c i f i c  Sur face  
Exposure Concen- Concen- Weight Weight Recess ion  
Temp., t r a  t i o n ,  t r a  t i o n ,  Loss, Loss,  Rate ,  
O F  V/ 0 V/ 0 g mg/cm2/min mils/min 
( a ) ~ o t a l  flow r a t e  - 10 c f h  (400 f p s ) .  
( b ) ~ a l c u l a  ted from ox ida t ion  s to ichiometry.  
( c ) c ~  l c u l a  ted from weight l o s s  a f t e r  oxide removal. 
@ I 0  V/O H F - 0 . 5 6 ~ / 0 0 ~  
10 V/O H F  - 2 - 3  V/O 0 2  
MELTING POINT (OBS) 
TEMPERATURE, OF 
F i g .  25 - S u r f a c e  R e c e s s i o n  R a t e  of  ZrB2-Sic-C Composite 
i n  Flowing Hy,drogen F l u o r i d e  and Hydrogen 
T e s t  samples evaluated i n  hydrogen fluoride-oxygen had a t h i n ,  
continuous gray oxide a f t e r  exposure, as  did samples exposed i n  
fluorine-oxygen. Apparently, a d i f f e r e n t  mechanism was opera-  
t i v e  i n  the  Z r B 2 - S i c - C  composite from t h a t  of the  ca rb ide  com- 
p o s i t e s  i n  the  combined atmospheres, al though i n  both sys terns, 
a s o l i d  oxide was a poss ib le  r e a c t i o n  product.  
A comparison of the  experimental  and c a l c u l a t e d  r a t e s  
f o r  ZrB2-Sic-C i n  t h e  combined environments i s  presented i n  F ig -  
u r e  26. Again, da ta  a t  0.56 and 2 .3  v/o oxygen was obtained by 
l i n e a r  i n t e r p o l a t i o n  of r ecess ion  r a t e s  i n  4.0 and 5.4 v/o oxy- 
gen. I n  both f luorine-oxygen and hydrogen fluoride-oxygen, the  
measured r a t e s  a r e  cons iderably  g r e a t e r  than the  c a l c u l a t e d  r a t e s ,  
t h e  e f f e c t  being most s i g n i f i c a n t  i n  the  l a t t e r .  The p l o t  i n  F ig-  
u r e  26 a l s o  i n d i c a t e s  a tendency toward a maximum a t  4.0 v/o oxy- 
gen i n  fluorine-oxygen. These e f f e c t s  can be explained i n  terms 
of  r e t a rded  recess ion  r a t e  i n  oxygen due t o  the  formation of  a 
p a r t i a l l y  p r o t e c t i v e  oxide f i l m .  I n  atmospheres conta in ing  e i t h e r  
f l u o r i n e  o r  hydrogen f l u o r i d e ,  the  oxide f i l m  i s  no t  a s  s t a b l e ,  
r e s u l t i n g  i n  h igher  s u r f a c e  recess ion .  Oxidat ion-corrosion of 
ZrB2-Sic-C i s  t h e r e f o r e  probably a l s o  c o n t r o l l e d  by the  r a t e  of 
i n t e r a c t i o n  wi th  oxygen. 
The i n t e r a c t i o n s  by which a multicomponent m a t e r i a l  
such as  ZrB2-Sic-C i s  a t t acked  i n  the  combined atmospheres i s  
very complex. I n  fluorine-oxygen, the  genera l  r e a c t i o n  can be 
w r i t  ten:  
- t S i F O  + Z r O  
x Y z (g )  2 ( s )  + O y ( l9g)  
Thus, e i g h t  genera l  gaseous f l u o r i d e s ,  oxides, o r  oxyfluorides  a r e  
p o s s i b l e  i n  a d d i t i o n  t o  t h r e e  oxides,  of which only Zr02 i s  a 
0
 
I 
2 
3 
4 
5 
6 
O
XY
G
EN
 C
O
N
C
EN
TR
AT
IO
N
, 
v
/o
 
(a
) 6
.5
 V
/O
 
F
2
-
0
,
 
4 
@
 3
0
0
0
"
 F 
ex
p,
 
t
 
0 
I 
2 
3 
O
XY
G
EN
 C
O
N
C
EN
TR
AT
IO
N
, 
v/
o 
(b
) 1
0 
V/
O
 
H
F
-
O
2 
Fi
g.
 2
6 
-
 
Co
mp
ar
is
on
 o
f 
E
x
pe
ri
me
nt
al
 a
n
d 
Ca
lc
ul
at
ed
 
R
e
c
e
s
s
io
n 
R
a
te
s 
o
f 
Z
r
B
2-
Si
c-
C 
in
 F
lo
wi
ng
 F
lu
or
in
e-
Ox
yg
en
 a
n
d 
H
yd
ro
ge
n 
F
lu
ar
id
e-
Ox
yg
en
. 
s o l i d  phase. Above 3 0 0 0 ° ~ ,  the  S i  0 phase begins t o  evaporate 
x Y 
a s  SiO which may have influenced the  recess ion data  above (g) 3000°F. I n  hydrogen fluoride-oxygen, f u r t h e r  complications e x i s t  , 
because of the  poss ib le  formation of C H 
x y(g) and B H x y ( g )  as addi - 
t i o n a l  r eac t ion  products which suggest a reason f o r  thei g rea t e r  
acce le ra t ion  of  the  recess ion r a t e  i n  hydrogen fluorideroxygen. 
The complexity of these react ions  ind ica tes  the  d i f f i c u l t y  i n  
ana lys i s  o f  the  con t ro l l i ng  reac t ion  mechanism i n  s u r f k e  reces - 
s ion  of ZrB2-Sic-C. 
Summaryand Discussion 
-- -
Summary p lo t s  of the  sur face  recession r a t e  of the 
e igh t  mater ia ls  evaluated i n  6 .5  v/o f luor ine ,  5.4 v/o oxygen, 
10 v/o HF, 6.5 v/o F2-5.4 v/o 02, and 10 v/o HI?-2.3 v/o O2 a r e  
presented i n  Figures 27  through 31. A comparison of the  reces-  
s ion  of the  r a t e s  a t  4 0 0 0 " ~  and 5000°F i n  these  environments i s  
summarized i n  Tables X X I I I  and XXIV.  These r e s u l t s  demonstrate 
q u i t e  c l e a r l y  the  following conclusions: 
a .  Materials  which form gaseous reac t ion  products must 
be r e s i s t a n t  t o  the  individual  environments i n  o r -  
de r  to  be r e s i s t a n t  to  the combined environments. 
b.  Materials  which form s o l i d  oxides a r e  not  r e s i s t a n t  
to  the  combined environments, although they may be 
r e s i s t a n t  to  oxygen alone. 
c .  Ir idium and ir idium a l loys  a r e  the  most r e s i s t a n t  
mater ia ls  to  the  combined environments up to  t h e i r  
melting points .  
d .  The remaining mater ia ls ,  i n  decreasing order  of 
oxidation-corrosion r e s i s t ance  i n  fluorine-oxygen 
a t  4000°F a re :  Rhenium, ZrB2 -Sic-C, ATJ graphi te ,  
TaC -C, tungs ten, and HfC -C . I n  hydrogen f luor ide-  
oxygen, the  ranking i s  s imi l a r ,  except t h a t  
ZrB2-Sic-C has the  highest  recess ion r a t e .  
e. A t  5000°F, rhenium has the  lowest r a t e  i n  both 
fluorine-oxygen and hydrogen fluoride-oxygen. The 
s o l i d  recess ion mater ia ls  i n  decreasing order  of 
oxida t ion-corrosion r e s i s  tance are :  tungs ten, ATJ 
graphi te ,  HfC-33 v/o C ,  and TaC-20 v/o C .  Both 
HFC -C and TaC -C exh ib i t  melting of oxide developed 
a t  oxygen concentrat ions above 2.3 v/o. 
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TABLE X X I I I  
SURFACE RECESSION RATES OF REFRACTORY Bl4TERIALS 
I N  FLOVING OXYGEN, FLUORINE, AND 
HYDROGEN FLUORIDE ENVIRONMENTS AT 4 0 0 0 " ~  
Surface Recession Rate,  mils/min 
------- ---- - --- 
6 .5  v/o F2- 10 v/o HF- 
M a t e r i a l  6 . 5  v/o F2 10 v/o HF 5 .4  v/o O2 5.4 v/o O2 2 .3  V / O  O2 
Tungs t en  
I r id ium 
Rhenium 
Ir -33Re 
ATJ Graphi te  
HfC-33 v/o C 
TaC-20 v/o C 
Z r B 2  -Sic -C 
( a ) ~ o l i d  p r o t e c t i v e  oxide formed. 
(b)Oxide mel ts .  
TABLE XXBV 
SURFACE RECESSION RATES OF REFRACTORY fi4TERTALS 
IN FLOTJING OXYGEN, FLTJORINE , AND 
HYDROGEN FLUORIDE ENVIRONMENTS AT 5000°F 
6.5 10 5.4 6. 5 v / o ~ ~ -  IOV/OHF- 
Material v/o F2 v/o HF V/O 02 5.4v/o02 2. 3v/o02 
Tungsten 1.9 0.15 3.7 5.8 1.9 
Iridium Melts at 4450°F 
Rhenium 0.5 0.1 2,7 4.0 1.0 
Ir-33Re Melts at -4750°F 
ATJ ~ra~hite(~) 2.2 0.5 5.8 6.6 2,7 
HfC-33v,/oC 2,2 1,5 3.5(b) 5. 8(b) 6. 3(b) 
TaC-20v/oC 1.04 1.1 20.0(~) 20. o(~) 5. o(~) 
ZrB2-Sic-C Melts at -4350°F 
(")4800-4900~~. 
(b)Oxide melts. 
The above concl~usions apply no t  only t o  t h e  i n d i v i d u a l  
m a t e r i a l s  t h a t  were e v a h a t e d  i n  t h i s  program but  a l s o  t o  t h e  
var ious  c l a s s e s  of m a t e r i a l s  t h a t  they rep-resent.  For example, 
t h e  r e s u l t s  obtained f o r  A T J  g r a p h i t e  should rep resen t  o the r  
g r a p h i t e  m a t e r i a l s  with only minor d e v i a t i o n s ,  Furthermore, de- 
velopment of oxida t ion-corros ion  p r o t e c t i o n  by t h e  development 
of oxide s u r f a c e  coat ings  does n o t  appear t o  be a  f r u i t f u l  meth- 
od of m a t e r i a l s  development f o r  f luorine-oxygen o r  hydrogen 
fluoride-oxygen conta in ing  exhaust products .  
The preceding information suggests  t h a t  t h e  problem 
of f1,uorine-oxygen or  hydrogen fluoride-oxygen cor ros ion  can be 
solved with i r idi ,um and iridi ,um-base a l l o y s  o r  coa t ings ,  How- 
ever ,  iriki.uln has s e v e r a l  disadvantages i n c h d i n g  very h igh  c o s t  , 
l i m i t e d  a v a i l a b i l i t y ,  d i f f i c . u l t i e s  i n  working, and a  r e l a t i v e l y  
low melt ing p o i n t  (44.50°F), As shown previous ly ,  however, a l l o y -  
ing wi th  33 w/o rheni.um w i l l  i n c r e a s e  t h e  melt ing p o i n t  without  
s a c r i f i c i n g  oxida t ion-corros ion  r e s i s t a n c e ,  This a l s o  lowers t h e  
a l l o y  c o s t ,  s i n c e  rheni,um i s  abo.ut o n e - f i f t h  t h e  p r i c e  of i r id ium,  
Because of t h e  above l i m i t a t i o n s ,  i r i d i u m  has been em- 
ployed only a s  a  coa t ing  f o r  g r a p h i t e ,  tungs ten ,  and tantalum t o  
d a t e .  I r idium-base coa t ings  have been produced by s l u r r y  depo- 
s i t i o n ,  ( 2 y 3 )  fused  s a l t  e l e c t r o l y s i s ,  (I1) vapor depos i t ion ,  (11) 
and arc-plasma spraying .  ( I 2 )  A l l  of t h i s  work, except s l u r r y  de- 
p o s i t i o n ,  was concerned wi th  g r a p h i t e  s ,ubs t ra t e s .  I r id ium c o a t -  
i n g s  produced by a l l  of t h e s e  techniques a r e  envelope-type c o a t -  
i n g s ;  i . e . ,  l i t t l e  or  no i n t e r d i f f u s i o n  occ,urs during t h e  coa t ing  
p rocess ,  As a  r e s u l t ,  t h e  coa t ings  must have a  zero  d e f e c t  den- 
s i t y  i n  o rde r  t o  be p r o t e c t i v e  f o r  long per iods  a t  h igh  tempera- 
t u r e s .  The normal mode of f a i l u r e  of t h e s e  coat ings  occ,urs a s  a 
r e s u l t  of s.ubs t r a t e  p i t t i n g  through l o c a l i z e d  s u r f a c e  cracks  or  
p inholes  i n  t h e  coa t ing .  Thus, t h e  e f f i c i e n c y  of i r i d i u m  as  a  
coa t ing  f o r  h igh  temperat.ures i s  g e n e r a l l y  r e l a t e d  t o  t h e  r ep ro -  
d u c i b i l i t y  of t h e  coa t ing  p rocess ,  An improvement i n  coa t ing  
performance could be obtained i f  a  secondary mode of p r o t e c t i o n  
of t h e  s u b s t r a t e  were opera t ive  i n  ir idiurn-base coa t ing  systems. 
Such a  p r o t e c t i v e  system could be obtained by t h e  use 
of i r id ium a s  an a l loy ing  element i n  tungsten-base a l l o y s .  The 
t e s t  method used i n  t h i s  program d id  not  consider  t h e  time depend- 
ence of the  co r ros ion  r a t e ;  r ecess ion  r a t e s  were assumed t o  be 
l i n e a r .  This  i s  a  reasonable assumption f o r  (1)  m a t e r i a l s  which 
have gaseous r e a c t i o n  products and (2)  multicomponent m a t e r i a l s  
i n  which t h e  var ious  components have s i m i l a r  r ecess ion  r a t e s  i n  
t h e  oxida t ion-corros ion  environment. The l a t t e r  cond i t ion  does 
n o t  e x i s t  f o r  tungs ten  and i r id ium s i n c e  t h e  r ecess ion  r a t e s  a r e  
d i f f e r e n t  by an o rde r  of magnitude. Therefore,  s e l e c t i v e  r e m ~ v a l  
of tungs ten  should occur ,  r e s u l t i n g  i n  t h e  development of a pro-  
t e c t i v e  i r id ium-r ich  l a y e r .  A s  pointed out  i n  t h e  d i scuss ion  of 
d a t a  f o r  Ir-33Re, t h e  r ecess ion  r a t e  cannot be l i n e a r l y  t ime- 
dependent i n  a system of t h i s  type .  
Continued exposure of tungs ten- r i ch  a l l o y s  above 4400°F 
w i l l  r e s u l t  i n  l i q u a t i o n  s i n c e  t h e  melt ing po in t s  of i r id ium 
(4450°F) and t h e  tungs ten- i r id ium e u t e c t i c  (4200°F) a r e  below t h e  
mel t ing  p o i n t  of tungs ten- r i ch  a l l o y s .  However, melt ing and flow 
of  t h e  r e a c t i o n  l a y e r  w i l l  be an i n t e g r a l  p a r t  of t h e  s u r f a c e  r e -  
cess ion  mechanism. The o v e r a l l  r e c e s s i o n  r a t e  could be reasonably 
slow i n  t h i s  system. I n  any c a s e ,  t h e  r e l a t i v e l y  high recess ion  
r a t e s  of t h e  o t h e r  m a t e r i a l s  i n  t h i s  program and t h e  p o t e n t i a l  
uniqueness of t h e  tungs ten- i r id ium system suggest  t h a t  t h i s  sys -  
tem should be evalua ted  f u r t h e r .  
B .  Coating Developinent 
--- 
Development of coa t ing  systems dur ing  t h e  c u r r e n t  year  
was based on preceding phases i n  t h i s  program. Two c o a t i n g  sys-  
tems were i n v e s t i g a t e d :  (1) t h e  1r-Re/Re duplex s l u r r y  coa t ing  
f o r  tungs ten  and tantalum, and ( 2 )  a (Hf-1OTa)C s l u r r y  coa t ing  for 
tantalum-base a l l o y s .  I n v e s t i g a t i o n  of t h e  1 r - ~ e / R e  duplex c o a t -  
ing  was based on Ir and ~ r / ~ e  s l u r r y  coa t ings  developed previously 
i n  t h i s  program. This  system was s e l e c t e d  f o r  s tudy because of 
e x c e l l e n t  r e s i s t a n c e  t o  f l u o r i n e ,  hydrogen f l u o r i d e ,  and oxygen. 
Alloyi.ng of i r id ium wi th  33 w/o rhenium a l s o  provides a  p o t e n t i a l  
i n c r e a s e  i n  opera t ing  temperature from about 4450" t o  about 4750°F. 
The ca rb ide  coa t ing  system was hopeful ly  a  h igher  melt-  
ing ,  lower c o s t  a l t e r n a t i v e  t o  i r id ium coa t ings  f o r  tantalum-base 
a l l o y s ,  a l though t h e  r ecess ion  r a t e s  i n  f l u o r i n e  andhydrogen 
f l u o r i d e  were known t o  be h igher  than those of  i r id ium.  This  
system w a s  s e l e c t e d  f o r  f u r t h e r  s tudy p r i o r  t o  measurement of t h e  
r e c e s s i o n  r a t e  of ca rb ide  composites i n  combined fluorine-oxygen 
environments. As shown i n  t h e  previous s e c t i o n ,  ca rb ide  compos- 
i t e s  a r e  n o t  r e s i s t a n t  t o  combined environments although they have 
reasonable  r e s i s t a n c e  t o  both  f l u o r i n e  and oxygen i n d i v i d u a l l y .  
Thus, t h e  ca rb ide  coa t ings  could have a p p l i c a t i o n  f o r  rocket  noz- 
z l e s  i n  which e i t h e r  f l u o r i n e  o r  oxygen a r e  p resen t  s i n g l y ,  but  
n o t  i n  combination. 
The ca rb ide  coa t ings  a11 had t h e  b a s i c  composition 
(Hf-1OTa)C s i n c e  i t  w a s  thought t h a t  a  small  percentage of t a n t a -  
lum oxide,  a s  i n  Hf-Ta a l l o y s ,  would improve t h e  adherence and 
p r o t e c t i v e n e s s  of t h e  oxide l a y e r .  Obviously, t h i s  was shown t o  
have no advantage i n  combined fluorine-oxygen atmospheres; t h e  
r e c e s s i o n  r a t e s  of t h e  oxides of both hafnium and tantalum appear 
t o  be s i m i l a r .  However, t h e  r e s u l t s  of ox ida t ion  exposure of 
TaC-C co;npasites suggest  t h a t  a d d i t i o n  of TaC i n  HfC-C composites 
should be e f f e c t i v e  i n  oxygen environments. 
In  previous work dur ing  t h i s  program, i r id ium coa t ings  
produced by s l u r r y  techniques were developed f o r  tungs ten-  and 
tantalum-base a l l o y s .  The i n i t i a l  coa t ings  were unalloyed iridium 
used only f o r  tungs ten  because of  t h e  r e l a t i v e l y  low melt ing point 
o f  t h e  Ir-Ta e u t e c t i c  (*3350°F). I n  t h e  W - I r  system, t h e  eu- 
t e c t i c  i s  a t  about 4200°F, which i s  w i t h i n  t h e  range of t h e  mel t -  
ing  p o i n t  of unalloyed i r id ium (4450°F) . In t roduc t ion  of a rhenim 
r e a c t i o n  b a r r i e r  on both tungs ten  and tantalum-base a l l o y s  i n -  
c r e a s e s  t h e  maximum opera t ing  temperature t o  t h e  mel t ing  po in t  of 
i r i d i u m ,  Accordingly, t h e  Ir-Re duplex s l u r r y  coat ing  was de- 
veloped during the  second year on t h i s  program. (') F i n a l l y ,  a l -  
loying  of i r id ium with rhenium permits operat ion t o  about 4750°F 
a t  t h e  maximum s o l u b i l i t y  of 33 w/o Re fo r  t h e  i r id ium-r ich  s o l -  
i d  s o l u t i o n .  ( 4 )  E f f o r t  during t h e  c u r r e n t  year was intended t o  
develop a  duplex ~ r - R e / ~ e  coa t ing  based on the  s l u r r y  techniques 
used f o r  t h e  previous i r idium-base coat ing  systems. I r id ium 
coa t ings  have a l s o  been developed by fused s a l t  e l e c t r o l y s i s ,  (11) 
vapor depos i t ion ,  (I1) and a r c  plasma spraying.  (12) However, no 
o t h e r  techniques f o r  developing duplex 1r-ke/Re coa t ings  have 
been repor ted .  
The s l u r r y  technique used f o r  Ir-Re coat ings  d i f f e r s  
from t h a t  of most s l u r r y  coa t ings ,  such as  the  carb ide  s l u r r y  
process  descr ibed  i n  t h e  subsequent s e c t i o n .  Previous r e p o r t s  
on t h i s  program ('") have descr ibed  t h e  s l u r r y  process  i n  d e t a i l .  
C r i e f l y ,  t h e  process c o n s i s t s  of s i n t e r i n g  a  s l u r r y  c o n s i s t i n g  of 
i r i d i u m  powder and powders of a  m e t a l l i c  veh ic le  suspended i n  an 
organic  v e h i c l e .  The organic  v e h i c l e  employed i n  t h i s  program 
was a  mixture of co l lodion  and a  n i t r o c e l l u l o s e  lacquer ,  which 
was evaporated during t h e  i n i t i a l  s t a g e s  of s i n t e r i n g .  The me- 
t a l l i c  v e h i c l e  i s  intended t o  provide a  l i q u i d  phase medium f o r  
nuc lea t ion  and growth of t h e  i r id ium coat ing  and i s  a l s o  evapo- 
r a t e d  by vacuum treatment during the  l a t t e r  s t ages  of t h e  s i n t e r -  
ing  cyc le .  F i n a l l y ,  a  high-temperature t reatment  i s  performed 
which i s  intended t o  maximize t h e  coa t ing  dens i ty  and i n s u r e  
bonding t o  t h e  s u b s t r a t e  by s o l i d - s t a t e  d i f f u s i o n .  A l l  oE t h e  
i r id ium,  rhenium, and Ir-Re s l u r r y  coat ings  produced i n  t h i s  pro- 
gram employed t h i s  genera l  method. Copper was used f o r  t h e  me- 
t a l l i c  veh ic le  i n  i r idium-base coat ings  and Cu-A1 f o r  rhenium 
c o a t i n g s .  
Liquid-phase s i n t e r i n g  i s  obviously t h e  most c r i t i c a l  
p a r t  of t h e  s l u r r y  coat ing  process cons i s t ing  of s e v e r a l  s t e p s  i n  
both  argon and vacuum. A t y p i c a l  s i n t e r i n g  cycle  f o r  i r id ium,  
rhenium, and Ir-Re coat ings  used i n  t h i s  program i s  a s  follows: 
1; 2300"-2450°F i n  argon f o r  2-4 h r .  
2 ,  2050°F i n  vacuum f o r  1 h r ,  
3 .  2300°F i n  vacuum f o r  2 h r ,  
4 ,  2400°F i n  vacuum f o r  1 h r ,  
5 .  3000"-3300°F i n  vacuum f o r  2 h r ,  
Step 1 provides c o l l a p s e  and d e n s i f i c a t i o n  through melt-  
ing  of  t h e  m e t a l l i c  v e h i c l e  of the  s l u r r y  and t h e  i n i t i a l  nuclea-  
t i o n  of t h e  i r id ium coa t ing  on t h e  s u b s t r a t e .  The lower tempera- 
t u r e s  were used f o r  i r i d i u m  and t h e  h igher  temperatures f o r  rhen i -  
umc I f  t h e  temperature or  time of Step 1 i s  too  s h o r t ,  nonuniform 
coa t ing  th ickness  r e s u l t s  s i n c e  por t ions  of t h e  coa t ing  tend t o  
s e g r e g a t e  i n t o  a reas  of low l i q u i d  concen t ra t ion .  (An example of 
 his e f f e c t  w i l l  b~ S;~C)W-I subsequent ly,  ) Evaporation of  m e t a l l i c  
v e h i c l e  i s  lninimal during t h i s  s t e p ,  
Meta l l i c  evaporat ion occurs p r i m a r i l y  during s t e p s  2-4. 
The temperature of t h e  i n i t i a l  vacuum t rea tment  i s  lowered t o  r e -  
duce t h e  evapora t ion  r a t e  from t h e  high-copper l i q u i d .  I f  t h e  
copper i s  evaporated a t  2300°F, b l i s t e r s  and bubbles a r e  formed 
which cannot be removed by subsequent t rea tment .  This causes non- 
uniform coa t ing  th ickness  and d i s c o n t i n u i t i e s  i n  t h e  s i n t e r e d  
c o a t i n g s .  Removal of  copper i s  completed i n  vacuum by inc reas ing  
t h e  temperature a s  t h e  copper content  of t h e  s l u r r y  i s  decreased 
by evapora t ion .  Normally, a l l  of t h e  copper i n  t h e  s l u r r y  can be 
removed by evaporat ion from coat ings  i n  t h e  range of 3 mils  wi th in  
t h e  d e t e c t i o n  l i m i t s  of g rav imet r i c  a n a l y s i s ,  
One o the r  e f f e c t  i s  observed i n  t h e  l a t t e r  s t a g e  i f  cop- 
per  removal i s  performed t o o  r a p i d l y .  S ince  copper has e s s e n t i a l -  
l y  a  zero  c o n t a c t  angle  on i r id ium,  t h e  r e s i d u a l  copper tends t o  
be l o c a t e d  a t  t h e  g r a i n  boundaries a t  low copper concent ra t ion .  
Removal of t h i s  copper r e s u l t s  i n  d e l i n e a t i o n  of t h e  g r a i n  bound- 
a r i e s  due t o  t h e  l o c a l i z e d  shr inkage ,  Grain-boundary d e l i n e a t i o n  
occurs  i n  unalloyed i r i d i u m  c o a t i n g s ,  but  ir idium-rhenium s l u r r y  
coa t ings  tend t o  be more prone t o  t h i s  e f f e c t .  The e f f e c t  i s  
s i m i l a r  t o  what i s  observed a f t e r  high-temperature ox ida t ion  of 
i r i d i u m ,  I f  i t  i s  seve re ,  i t  can l ead  t o  g r a i n  boundary weakness 
I I causing c raze  cracking" of t h e  coa t ing ,  For t h i s  reason,  t h e  
l a t t e r  s t a g e s  of copper removal a r e  as  important a s  the  i n i t i a l  
s t a g e s .  To minimize t h i s  e f f e c t ,  an i n t e r i m  vac,uum treatment  a t  
2700°F f o r  1 h r  was sometimes used before  t h e  f i n a l  s o l i d - s t a t e  
I I s i n t e r i n g .  Craze crackingts  i s  e a s i e r  t o  c o n t r o l  on small  t e s t  
coupons than on rocket  nozzles  where the  r a t e  of copper 'removal 
i s  l e s s  c o n t r o l l a b l e  because of temperature g r a d i e n t s  i n  t h e  
nozzles .  
F i n a l l y ,  t h e  high-temperature vacuum t rea tment  i s  i n -  
tended t o  provide maximum d e n s i t y  and bonding t o  t h e  s ,ubs t ra t e  
by s o l i d - s t a t e  d i f f u s i o n ,  It was fo,und t h a t  3000°F i s  adequate 
f o r  .unalloyed i r id ium,  but  t h a t  3300°F i s  r equ i red  f o r  Ir-Re 
coa t ings  due t o  t h e  r e l a t i v e l y  high oxygen con ten t  of rheni.um 
powders (-1 W/O) and t h e  r e l a t i v e l y  slow d i f f u s i o n  r a t e s  i n  t h e  
iridi,um-rhenium system, (13 
A l l  s l u r r y  coa t ings  i n  t h i s  program were app l i ed  by 
brushing  i n  o rde r  t o  conserve ir idi .um and rhenium powder. The 
a p p l i e d  s l , u r r y  compositions f o r  i r id ium coa t ings  were I r -25  to 30 
w/o Cu and Re-15 w/o (75Cu-25A1) f o r  rhenium coa t ings .  It was 
found during t h e  c u r r e n t  work t h a t  30w/ocopper  was optimum f o r  
I r - 2 0  w/o Re coa t ings  .using t h e  s i n t e r i n g  c y c l e  descr ibed  p re -  
v i o u s l y .  However, t h i s  composition may n o t  be optimum under d i f -  
f e r e n t  s i n t e r i n g  cond i t ions  s i n c e  i t  was not  p o s s i b l e  t o  conduct 
a  wide v a r i a t i o n  of composition-temperature s i n t e r i n g  s t u d i e s  
w i t h i n  t h e  scope of t h i s  program. 
A s e r i e s  of s i n t e r i n g  s t u d i e s  was conducted on Ir-20Re 
and Ir-30Re coa t ings  using 25-40 w/o Cu and Cu-A1 as t h e  m e t a l l i c  
v e h i c l e .  A l l  s i n t e r i n g  s t u d i e s  were in tended t o  develop a  3 m i l  
c o a t i n g  th ickness .  The t y p i c a l  s i n t e r i n g  behavior i l l u s t r a t i v e  
of  t h e s e  s l u r r i e s  i s  presented  i n  Table XXV, These r e s u l t s  r ep -  
r e s e n t  only a  p o r t i o n  of t h e  s i n t e r i n g  t e s t s ,  s i n c e  s e v e r a l  d i f -  
f e r e n t  s i n t e r i n g  t rea tments  were conducted w i t h i n  t h e  temperature 
ranges  summarized p rev ious ly ,  The r e s u l t s  i n  Table XXV i n d i c a t e  
t h a t  t h e  weight l o s s e s  s l i g h t l y  exceed t h e  nominal concen t ra t ion  
of  m e t a l l i c  v e h i c l e .  This i s  due t o  evapora t ion  of t h e  organic  
v e h i c l e  during s i n t e r i n g .  
TABLE XXV 
SINTERING BEHAVIOR OF IRIDIUM-RHENIUM SLURRIES 
S l u r r y  §I.hrry S i n t e r i n g  Coating Coating 
Composition, Weight, Weight, Thickness, ;k 
w t %  g mg / cm mils  
'calculated from weight l o s s  a f t e r  s i n t e r i n g .  
+:Calculated from coat ing  weight a f t e r  s i n t e r i n g .  
The s.urface appearance of s i n t e r e d  Ir-Re-C,u s l u r r y  
coat ings  a r e  shown i n  Figures 32  through 34, These photographs 
i l l u s t r a t e  t h e  var ious  su r face  condi t ions  descr ibed  previous ly ,  
A t  25 w/o copper,  s u r f a c e  p i t t i n g  due t o  copper bubbles i s  r e a d i -  
1 I l y  apparent ,  I n  35 w/o copper c raze  cracks" a r e  prevalent  and 
inadequate  d e n s i f i c a t i o n  i s  apparent .  Furthermore, t h e  h igher  
rhenium s l u r r i e s  were cons iderably  more d i f  f i c . u l t  t o  s i n t e r  than  
those  conta in ing  20 w/o rhenium a t  a l l  copper concent ra t ions .  
The b e s t  s u r f a c e  cond i t ion  was obtained on t h e  Ir-20Re-30C,u s i n -  
t e r e d  coat ing ,  a l though some su r face  p i t t i n g  was evident .  This 
was c o r r e l a t e d  by metal lographic examination, a s  shown i n  t h e  a s -  
s i n t e r e d  coa t ing  i n  Figure 35, The r e s u l t s  of s i n t e r i n g  s t u d i e s  
of Ir-Re coat ings  c o r r e l a t e d  wi th  previous information of unal-  
loyed i r id ium up t o  a t  l e a s t  20 w/o rheni.um; 30 w/o copper i s  
normally ,used f o r  ,unalloyed i r i d i u m  coat ings .  Accordingly, t h i s  
process  was ,used f o r  t h e  coa t ing  of t h e  tungsten rocket  nozzles  
wi th  t h e  I r - 2 0 ~ e / ~ e  duplex coa t ing .  The Ir-20Re-30C.u-2A1 s i n -  
t e r e d  coat ings  were n e a r l y  comparable i n  s .urface appearance t o  
t h e  Ir-20Re-30C,u coat ing .  However, i t  i s  p r e f e r a b l e  t o  avoid t h e  
,use of  atuminum i n  i r id ium s l u r r y  coat ings  because i t  i s  more 
d i f f i c u l t  t o  remove by evaporat ion than copper. 
As p a r t  of t h i s  t a s k ,  an a l t e r n a t e  approach t o  rhenium 
s1,urry coat ings  was i n v e s t i g a t e d .  Applicat ion of t h e  rhenium 
l a y e r  by s l u r r y  techniques i s  t h e  most d i f f i c , u l t  p a r t  of t h e  du- 
p lex  Ir -Re s 1,urry coat ing  process .  High- dens i ty  rhenium coat ings  
a r e  much more d i f f i c , u l t  t o  o b t a i n  than i r id ium by t h e  s l u r r y  pro- 
c e s s ,  p a r t i c , u l a r l y  on rocket  nozzles ,  This i s  apparent ly  due t o  
r e l a t i v e l y  h igh  oxygen content  of commercial rhenium powders, CVD 
rhenium coa t ings  produced by a  p r o p r i e t a r y  process  a r e  a v a i l a b l e  
from t h e  San Fernando Laborator ies .  The ,use of CVD coat ings  a s  a  
. subs t i tu te  f o r  rhenium s l u r r y  coat ings  was t h e r e f o r e  i n v e s t i g a t e d  
i n  t h i s  program. 
Test  samples of tungsten and Ta-1OW were s,upplied t o  t h e  
San Fernando Laborator ies  f o r  coa t ing  wi th  3 mils  of CVD rheni.um. 
Discussion wi th  San Fernando personnel revealed  t h a t ,  a l though no 
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Neg. No. 37270 X300 
Fig .  35 - Micros t ruc ture  of As-Sintered Ir-20Re 
S lu r ry  Coating on Tungsten. 
d i f f i c , u l t i e s  were a n t i c i p a t e d  wi th  t,ungsten, Ta-lOW s u b s t r a t e s  
could be s u b j e c t  t o  a t t a c k  by t h e  gaseous coa t ing  m e d i u m .  (14) 
I n  t h i s  event ,  i t  was agreed t h a t  a  0 . 1  m i l  l a y e r  of molybdenum, 
o r  t.ungsten, could be app l i ed  p r i o r  t o  CVD depos i t ion  of  rheni.um, 
The molybdenum laye r  should n o t  be de t r imen ta l  s i n c e  molybdenum 
has ex tens ive  s o l u b i l i t y  i n  both rheni,um and tantalum. The f i -  
n a l  s i n t e r i n g  treatment during appl ic ,a t ion  of i r id ium s l u r r i e s  
should r e s u l t  i n  s u f f i c i e n t  i n t e r d i f f u s i o n  t o  cause a l l o y i n g  of 
a  t h i n  molybdenum l a y e r ,  
The su r face  appearance of CVD rhenium coated tungsten 
and Ta-1OW i s  shown i n  Figure 36. Rhenkum coat ings  were r e l a -  
t i v e l y  smooth with only minor edge bui ldup;  t h e  mic ros t r~uc tu res  
of t h e s e  coat ings  on rungsten and Ta-1OW a r e  shown i n  Figure 37. 
Metal lographic samples were e l e c t r o p l a t e d  with n i c k e l  p r i o r  t o  
po l i sh ing .  Meta l lographica l ly ,  t h e  appl ied  rhenium was ,uniform 
over t h e  s u r f a c e  of t h e  t e s t  samples and without  i n t e r n a l  d e f e c t s ,  
but  s l i g h t l y  l e s s  than t h e  nominal 3  mils  reques ted ,  p a r t i c u l a r l y  
on tungs ten .  Figure 37b does i n d i c a t e  t h a t  a  t h i n  l a y e r  e x i s t s  be- 
tween t h e  rheni,um and Ta-1OW s u b s t r a t e ,  s.uggesting t h a t  a molyb- 
denum i n t e r  l a y e r  was used. 
Iridi,um s l u r r y  coa t ings  were app l i ed  t o  CVD rheni,um 
coat ings  on tungsten and Ta-1OW s u b s t r a t e s  using a Ir-30Cu s l u r r y  
and t h e  s i n t e r i n g  cyc le  previous ly  shown. The su r face  appearance 
of t h e  iridkum coat ing  a f t e r  s i n t e r i n g  i s  shown i n  Fig,ure 38, and 
t h e  mic ros t ruc tu re  i n  Figure 39,  Figure 38 does i n d i c a t e  t h e  .uni- 
form i r id ium coat ings  t h a t  can be obtained on CVD rheni.um, Uni- 
form coa t ings  were a l s o  produced on t.ungsten-coated rheni.um equiv- 
a l e n t  t o  t h a t  shown f o r  t h e  Ta-1OW sample, The sample i n  Figure 
38b i s  shown beca,use i t  i l 1 , u s t r a t e s  a  su r face  condi t ion  descr ibed 
previous ly  during t h e  disc ,ussion of t h e  s i n t e r i n g  cyc le  ,used f o r  
i r i d i u m  coa t ings .  The dark a reas  on t h e  sample r ep resen t  a r e a s  of 
segrega t ion  of ir idi ,um and a r e  due t o  a  complex r e l a t i o n s h i p  be- 
tween t h e  app l i ed  coat ing  th ickness  and t h e  time and t h e  tempera- 
t u r e  condi t ions  of t h e  f i r s t  phase of t h e  s i n t e r i n g  s t e p .  The 
app l i ed  s l u r r y  weight on t h e  sample shown i n  Figure 38b was i n t e n -  
t i o n a l l y  g r e a t e r  than t h a t  normally appl ied  f o r  the  i r id ium s i n -  
t e r i n g  c y c l e ,  
Neg. No. 36709 
(a) Ta-1OW (b) Tungsten 
Fig.  36 - S u r f a c e  Appearance of  CVD 
Rhenium Coated Tungs t e n  
and Ta-1OW. 
Neg. No, 37356 X500 
(a) CVD Re/W 
Neg. No, 37357 X500 
(b) CVD ~ e / ~ a - 1 0 ~  
Fig. 37 - Microstructures of CVD Rhenium 
on Tungsten and Ta-low. 
Neg. No. 36707 
( a )  Ta-1OW (b) Tungsten 
F ig .  38 - Surface  Appearance of Ir-30Cu S l u r r y  
Coat ing on CVD Rhenium Coated Tungsten 
and Ta-1OW A f t e r  S i n t e r i n g  . 
Neg. No. 37271 
(a) Ir/Re/W 
Neg. No. 37272 X300 
(b) Ir/Re/Ta - 1 0 ~  
Fig .  39 - Micros t ruc ture  of I r idium S l u r r y  Coatings 
Produced on CVD Rhenium Coated Tungs ten  
and Ta-1OW. 
The m i c r o s t r u c ~ u r e s  of t h e  I r / ~ e  coat ings  shown i n  Fig-  
,ure 39 demonstrate t h a t  h igh-dens i ty  ,uniform i r id ium laye r s  can 
be developed on CVD rheni.um wi th  t h e  s l u r r y  process .  These sam- 
p l e s  were not  given t h e  f i n a l  high-temperat.ure s i n t e r i n g  t reatment  
a t  3O0O0F, s o  t h a t  some very f i n e  p o r o s i t y  i s  v i s i b l e  i n  t h e  i r i d -  
ium l a y e r s ,  This i s  a l s o  t y p i c a l  of i r id ium s1,urry coat ings  on 
tungsten a f t e r  a  comparable s i n t e r i n g  t rea tment ,  An i n d i c a t i o n  of 
a l l o y i n g  was evident  a t  t h e  Ir-Re i n t e r f a c e  i n  both coa t ings .  The 
r e s u l t s  of s i n t e r i n g  iridi ,um s l u r r y  coat ings  on CVD rheni,um demon- 
s t r a t e d  t h a t  t h e  CVD process  i s  an acceptable ,  perhaps p r e f e r a b l e ,  
a l t e r n a t i v e  t o  s l .u r ry  coat ing  f o r  t h e  rhenium laye r  i n  Ir-Re du- 
p lex  coa t ings .  
A l i m i t e d  s tudy of t h e  workab i l i ty  of Ir-Re a l l o y s  w a s  
a l s o  conducted t o  determine t h e  f e a s i b i l i t y  of hot  working a r c -  
melted but tons  of Ir-20Re and Ir-33Re, Since unalloyed iridi ,um 
can be warm worked a t  1200°-1500°F, t h e  b.uttons were h o t  r o l l e d  a t  
1500°F wi th  i n i t i a l  reduct ions  of 1-2%. Both a l l o y s  cracked a f t e r  
reduct ion  of  about 5%, al though some d u c t i l e  flow was evident  on 
both samples. Cracking was probably due t o  f r a c t u r e  along t h e  as- 
c a s t  g r a i n  boundaries.  Thus, improved r o l l i n g  c h a r a c t e r i s t i c s  
could be expected a t  1 5 0 0 ' ~  i f  t h e  a s - c a s t  str ,uct .ure were broken 
down by u p s e t t i n g  or o the r  techniques p r i o r  t o  warm r o l l i n g ,  While 
t h e  i n i t i a l  r e s u l t s  were encouraging, f u r t h e r  s tudy of ho t  working 
of iridium-rhenium a l l o y s  could no t  be accommodated i n  t h i s  
program. 
2. Carbide Coatings 
During previous work on t h i s  program, t h e  f e a s i b i l i t y  of 
developing hafnium-base ca rb ide  coat ings  was e s t a b l i s h e d .  It 
was found t h a t  Hf-10 w/o Ta coat ings  wi th  ,up t o  4 w/o carbon could 
be produced on tantalum by l iquid-phase  s i n t e r i n g  of powders of 
the  ind iv idua l  c o n s t i t u e n t s  i n  argon a t  3300'-3500°F. Tanta1,um 
was added t o  improve t h e  oxida t ion  r e s i s t a n c e  through d e n s i f i c a -  
t i o n  of t h e  oxide developed a t  h igh  temperatures i n  oxygen atmos- 
pheres ,  The m e t a l l i c  v e h i c l e  used was s i l i c o n ,  which was added i n  
t h e  range of 0 .2 t o  0 ,& w/o. As t h e  carbon concent ra t ion  of t h e  
coa t ing  increased ,  i t  was necessary t o  inc rease  t h e  s i i i c o n  con- 
c e n t r a t i o n  t o  ob ta in  dense coa t ings .  S l u r r i e s  conta in ing  g r e a t e r  
than about 5 w/o carbon could no t  be s i n t e r e d  i n t o  dense coa t ings ;  
above 5  w/o carbon s i n t e r i n g  occurred,  but the  r e s u l t i n g  coat ings  
contained inc reas ing  poros i ty  wi th  inc reas ing  carbdn concentra-  
t i o n .  A t  6  w/o carbon, the  coa t ings  cons i s t ed  of a  porous network 
of carb ides  and unreacted carbon, 
Work during t h e  c .urrent  year was intended t o  f u r t h e r  i n -  
v e s t i g a t e  t h e s e  ca rb ide  coat ings  and t o  produce coated nozzles  f o r  
engine f i r i n g  t e s t s .  The previous s1 ,ur r ies  had been produced us- 
ing  microfine g r a p h i t e  powder, Because of t h e  low dens i ty  of c a r -  
bon, t h e  as-appl ied  s l u r r i e s  were very t h i c k  a t  high carbon con- 
c e n t r a t i o n s .  The i n a b i l i t y  t o  produce dense coat ings a t  high c a r -  
bon concent ra t ions  (5-6 w/o) may have been due t o  t h e  excess ive  
amount of  shr inkage requi red  during s i n t e r i n g  t o  obta in  h igh-  
d e n s i t y  coa t ings .  Accordingly, c .urrent  e f f o r t  was intended t o  
s tudy high -carbon coat ings  f u r t h e r  .us ing t h e  following approaches : 
(1) Increas ing  t h e  carbon p a r t i c l e  s i z e  i n  
s l u r r i e s  conta in ing  5-6 w/o carbon, 
(2) Increas ing  t h e  s i l i c o n  concent ra t ions  
of t h e  s l u r r i e s  a t  5-6 w/o carbon, 
(3) Carburizat ion of s i n t e r e d  coat ings  con- 
t a i n i n g  4-4.5 w/o carbon. 
S i n t e r i n g  of ca rb ide  s l u r r i e s  i s  much l e s s  complex than 
t h a t  of t h e  i r id ium and rhenium s l . u r r y  coat ings  previous ly  des-  
c r i b e d .  Like many brazing processes ,  i t  c o n s i s t s  of simply fus ing  
t h e  powder mixt,ure t o  t h e  s .ubs t ra t e .  S i l i c o n  i s  e f f e c t i v e  i n  pro- 
ducing l i q u i d a t i o n  of hafnium-tantalum-carbon mixtures a t  tempera- 
t u r e s  above 3300°F, This technique has been used by Lawthers f o r  
s i n t e r i n g  of Hf-Ta m e t a l l i c  s1,urry coa t ings .  ( I5)  Since t h e  con- 
s t i t u e n t s  a r e  added i n  t h e  s1,urry a s  e lemental  powders, nuc lea t ion  
and growth of t h e  ca rb ide  phase must occ.ur. The f i n a l  s i n t e r e d  
s t r u c t u r e  c o n s i s t s  of small  s p h e r i c a l  p a r t i c l e s  of ca rb ide  i n  a  
m e t a l l i c  mat r ix .  Obviously, a s  t h e  carbon content  i s  inc reased ,  
t h e  ca rb ide  volume f r a c t i o n  inc reases  reaching  about 70 v / o  a t  
4.5 a / o  C .  The carbon concent ra t ion  necessary t o  ob ta in  a  s t o i -  
chiomet ca rb ide  coa t ing  i s  about 6.2 w/o. 
S l u r r i e s  were made by blending elemental  powders of t h e  
coa t ing  c o n s t i t u e n t s  and brushing t h e  s l u r r i e s  on tantalum cou- 
pons. During a p p l i c a t i o n ,  t h e  powders were suspended i n  an organ- 
i c  v e h i c l e  c o n s i s t i n g  of a  mixture of co l lod ion  and n i t r o c e l l u l o s e  
lacquer .  A l l  c o n s t i t u e n t s ,  inc luding  g r a p h i t e ,  were -325 mesh 
powders. The app l i ed  s l u r r y  weights were intended t o  develop s i n -  
t e r e d  th icknesses  of both 10-15 and 20-25 mils  (previous work had 
been l i m i t e d  t o  coat ings  thicknesses  of 10-15 m i l s ) ,  Af te r  a i r  
drying,  t e s t  coupons were s i n t e r e d  i n  argon a t  3300°F and 3500°F 
f o r  2 h r .  Weight changes were measured, and t h e  s i n t e r e d  samples 
were examined meta l lograph ica l ly .  
The r e s u l t s  of s i n t e r i n g  s l u r r i e s  conta in ing  4-6 w/o 
carbon and 0.3-1.5 w/o s i l i c o n  a t  3300°F and 350O0I? i n  argon a r e  
summarized i n  Table XXVI.  Previous work had e s t a b l i s h e d  t h a t  high- 
d e n s i t y  coat ings  could be produced a t  4-4.5 w/o carbon, 0.4 w/o 
s i l i c o n ,  and microf ine  g r a p h i t e .  S imi la r  r e s u l t s  were obtained 
using -325 mesh g raph i t e .  A l l  coa t ings  exh ib i t ed  some degree of 
s i n t e r i n g  a t  both  3300°F and 3500°F, but  p o r o s i t y  was p resen t  a t  
5 w/o carbon and t h e  coat ings  were f r i a b l e  a t  6.0 w/o carbon. Gen- 
e r a l l y ,  t h e  h igher  s i l i c o n  s l u r r i e s  tended t o  have h igher  s i n t e r e d  
d e n s i t i e s ,  bu t  none of t h e  coat ings  approached t h e  high d e n s i t i e s  
d e s i r e d .  Higher s i l i c o n  concent ra t ions  were probably i n e f f e c t i v e  
because of t h e  high evaporat ion r a t e  of s i l i c o n  a t  3300-3500°F. 
This was i n d i c a t e d  by g e n e r a l l y  g r e a t e r  weight l o s s  during s i n t e r -  
ing  a t  h igher  s i l i c o n  concent ra t ions .  
The majo r i ty  of t h e  weight l o s s  during s i n t e r i n g  was due 
t o  evaporat ion of t h e  organic  v e h i c l e ,  For I r -base  s l u r r i e s ,  
weight l o s s e s  due t o  t h e  organic  v e h i c l e  were normally i n  t h e  range 
of 1 w/o, whi le  considerably h igher  weight l o s s e s  were measured 
f o r  many of t h e  ca rb ide  s l u r r i e s .  A s  a r e s u l t ,  q u a n t i t a t i v e  de- 
te rminat ion  of  weight changes i n  terms of s i l i c o n  evaporat ion 
were d i f f i c u l t .  Table X X V I  shows t h a t  t h e  percentage of weight 
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l o s s e s  f o r  t h e  var ious  compositions i s  genera l ly  comparable a t  
borh coat ing  th icknesses .  A t  5 w/o carbon, some s p a l l i n g  of pow- 
der  may have occ,urred a t  low s i l i c o n  l e v e l s ,  due t o  p a r t i a l  s i n -  
t e r i n g ,  r e s u l t i n g  i n  t h e  r e l a t i v e l y  high weight l o s s  of these  
coa t ings .  Since a l l  of the  powders .used f o r  ca rb ide  s l . u r r i e s  a r e  
very r e a c t i v e ,  i t  i s  p o s s i b l e  t h a t  r eac t ions  wi th  t h e  organic  ve- 
h i c l e  occ,urred during skurry  a p p l i c a t i o n  and outgassing of t h e  
skur ry  during t h e  s i n t e r i n g  t rea tment .  In  f a c t ,  t h e  p o s s i b i l i t y  
of some a d d i t i o n a l  carbon introduced by decomposition of  t h e  o r -  
gan ic  v e h i c l e  during outgassing cannot be discounted,  Reaction 
of t h e  organic  v e h i c l e  wi th  carbon and/or s i l i c o n  i s  a  p o s s i b i l i -  
t y  s i n c e ,  i n  genera l ,  weight l o s s e s  tend t o  inc rease  wi th  both 
s i l i c o n  and carbon concent ra t ion .  
Further  e f f o r t  on s i n t e r i n g  high carbon s1 ,ur r ies  was 
d iscont inued a f t e r  completion of t h e  s i n t e r i n g  s t u d i e s  shown. The 
r e s . u l t s  ind ica ted  t h a t  a l though some improvement was p o s s i b l e  by 
f u r t h e r  s i n t e r i n g  s t u d i e s ,  a  more f r u i t f u l  approach w a s  c a r b u r i -  
z a t i o n  of s i n t e r e d  coat ings  conta in ing  4-4,5 w/o carbon. Accord- 
i n g l y ,  t e s t  samples of Hf-lOTa-4,0C-0.4Si and Hf-10Ta-4.5C-0,4Si 
were prepared as  descr ibed above and s i n t e r e d  a t  3500°F f o r  1 and 
2 h r .  Carbur iza t ion  was accomplished by applying a t h i n  s l u r r y  
of microf ine  g r a p h i t e  and hea t ing  i n  argon a t  3500°F f o r  2-4 h r .  
The r e s u l t s  of  carb .ur iza t ion  a r e  s.urnrnarized i n  Table X X V I I .  It 
was found during these  s t u d i e s  t h a t  coa t ings  i n  t h e  range of 20-25 
m i l s  developed b,ubbles during s i n t e r i n g ;  no evidence of t h i s  e f -  
f e c t  had been observed wi th  10-15 m i l  t h i c k  coa t ings ,  Bubbling 
was apparen t ly  due t o  entrapment of s i l i c o n  vapor during s i n t e r i n g ,  
which can a l s o  cause i s o l a t e d  s p h e r i c a l  poros i ty  i n  s i n t e r e d  coa t -  
i n g s ,  
Table X X V I I  shows t h e  weight ga ins  during c a r b u r i z a t i o n  
were meas.urable, al though some a d d i t i o n a l  s i l i c o n  vapor iza t ion  may 
a l s o  have occ,urred, p a r t i c , u l a r l y  f o r  samples s i n t e r e d  a t  3500°F 
f o r  1 h r ,  This i s  shown by s l i g h t  roughening of the  s .urface,  i n -  
d i c a t i n g  t h a t  p a r t i a l  melt ing occurred during ca rbur iza t ion .  For 
t h i s  reason,  t h e  weight ga ins  and c a l c u l a t e d  f i n a l  carbon concen- 
t r a t i o n s  a r e  probably conservat ive ,  
h n  n n n  
P O P  s f !  w w w  
m m m  \ a m -  
c u m *  TI a m 
The typ i ca l  sur face  condit ions of 10-15 and 20-25 m i l  
Hf-1OTa-4.0C-0.4Si and Hf-10Ta-4.5C-0.4Si coatings as vs intered 
and a f t e r  ca rbur iza t ion  a r e  shown i n  Figures 40 and 41, respec- 
t i ve ly .  Although not  c l e a r l y  shown, ca rbur iza t ion  converts t h e  
me ta l l i c  as - s in te red  coatings t o  a darker gray sur face  appearance, 
Bubbles a r e  r e a d i l y  apparent i n  20-25 m i l  coat ings,  p a r t i c u l a r l y  
a f t e r  carbur iza t ion.  
The microstructures of t he  Hf-1OTa-4.5C-0.4Si s l u r r y  
coat ing a f t e r  i n i t i a l  s i n t e r i n g  and carbur iza t ion a r e  shown i n  
Figure 42. Both s t ruc tu re s  appear similar s ince  ca rbur iza t ion  
does no t  a l t e r  the  s in t e r ed  s t r u c t u r e ;  ca rbur iza t ion  only con- 
v e r t s  t h e  metal matr ix of s i n t e r e d  coatings t o  a complex Hf-Ta 
carbide.  Although evident  i n  both coatings,  poros i ty  was re- 
duced by the  ca rbur iza t ion  treatment.  Pores present  i n  t he  coat -  
ings were general ly  i s o l a t e d  wi thin  the  coating and a r e  there fore  
less det r imenta l  than i f  they were connected t o  t he  surface .  
It was intended t o  coat  rocket  nozzles with a minimum 
carbide  coating thickness of 20 m i l s ,  However, t he  carbur iza t ion 
s tud i e s  revealed t h a t  bubbling cauld be expected f o r  coat ing th ick-  
nesses i n  t he  range of 20-25 m i l s .  Accordingly, t he  p o s s i b i l i t y  
of overlaying two 10-mil coat ings of Hf-Ta-4.5C-0.4Si was i n v e s t i -  
gated;  weight changes during s i n t e r i n g  of  the  duplex process a r e  
shown i n  Table X X V I I .  The sur face  appearance and microstructure 
of a duplex coated 20-mil carbide  coating is  shown i n  Figure 43, 
No evidence of bubbling was apparent and, furthermore, the  success 
of t h i s  technique suggested t h a t  r e p a i r  of defects  i n  coated noz- 
z l e s  would be r e l a t i v e l y  easy. This technique was there fore  used 
fo r  coat ing the  Ta-1OWnozzles described i n  t h e  following sec t ion ,  
C. Test  Nozzle Fabricat ion 
During t h i s  year,  e igh t  tungsten and Ta-1OW rocket  noz- 
z l e s  w e r e  coated with the  systems developed both during the  cur-  
r e n t  and previous years .  The coated components (nozzle, t h r u s t  
chamber, and f lange)  had a maximum ove ra l l  weight of 6 i n ,  These 
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Neg. No. 37268 X125 
(a )  A s  S i n t e r e d  
N i  
( H f  - 1 0 ~ a ) C  
Neg. N o .  37526 XI25 
(b) Carburized a t  3500°F-2hr. 
Fig,  42 - Mierostr .uctures of 10 m i l  Hf-1OTa- 
4.5C-0.4Si S l u r r y  Coating on Tan- 
talum As-Sintered and Af te r  Car- 
b u r i z a t i o n .  
Neg. No. 36708 
Neg. No. 37308 XI25 
F i g .  43 - Duplex H f  -10Ta -4.56 -0.4Si Carbide 
Coating on Tantalum As Sintered. 
nczz le s  were h ~ t  spun by  Fans tee l  Meta l lu rg ica l  Corporation on 
Contract  NAS7-417, 'I6' Their  dimensions were l imi ted  t o  about 6  
i n .  due t o  t h e  s i z e  of the  furnace ho t  zone, 6 i n ,  bong x  4  i n ,  
i n  diameter ,  The a c t u a l  lengths of nozzles  rece ived  f o r  coa t ing  
were about 5  i n ,  f o r  tungsten and 6 . 1  i n .  f o r  Ta-low, These d i -  
mensions r e s u l t e d  i n  an e f f e c t i v e  coat ing  su r face  a r e a ,  inc luding  
2 both  OD and I D  s u r f a c e s ,  of 330 cm (51 i n e 2 )  f o r  tungs ten  and 
2 2 440 cm (67 i n .  ) f o r  Ta-1OW nozzles .  A photograph of a  Ta-1OW 
rocke t  nozzle  a s  rece ived  i s  shown i n  Figure 44. 
The rocket  nozzles were coated i n  two groups. A t  t h e  
beginning of t h e  c u r r e n t  work, t h r e e  Ta-1OW and two tungs ten  noz- 
z l e s  were coated wi th  t h e  Ir-Re duplex coat ing  developed during 
t h e  previous ~ e d i  One of the  Ta-lOW nozzles  was sec t ioned  
f o r  metal lographic examination a f t e r  coa t ing .  The remaining noz- 
z l e s  were scheduled f o r  engine f i r i n g  t e s t s  a t  t h e  TRW Systems 
Group, using hydrazine-ni t rogen t e t r o x i d e  p r o p e l l a n t s ,  under Con- 
t r a c t  NAS7-460. (17) 
A t  t h e  completion of t h e  c u r r e n t  s l u r r y  coat ing  s t u d i e s ,  
two Ta-1OW nozzles  were coated wi th  t h e  carbur ized  Hf-1OTa-4.0C- 
0.4Si  s l u r r y  coa t ing ,  and two tungsten nozzles  were coated wi th  
one Ir-Re and one I r - Z o ~ e / ~ e  s l u r r y  coat ing .  These nozzles  were 
t o  be evalua ted  i n  f luor ine -con ta in ing  p rope l l an t s  by t h e  Mar- 
quardt  Chemical Co, under Contract  NAS7-555, 
Summaries of t h e  coat ing  th icknesses  produced on t h e s e  
nozzles  a r e  presented i n  Tables X X V I I I  and X X I X .  Nozzles C 1 ,  C 2 ,  
B 1 ,  and B4 a r e  t o  be f i r e d  on Contract  NAS7-460, and nozzles  C3, 
C5, B 7 ,  and B8 i n  f luor ine-conta in ing  p rope l l an t s  on Contract  
NAS7-555. The duplex Ir-Re coated nozzle  B 1  was sec t ioned f o r  me- 
t a l l o g r a p h i c  examination. 
The Ir-Re duplex coat ings  were app l i ed  by t h e  s l u r r y  
techniques descr ibed i n  Sect ion  1 1 - B e  Nozzles and nozzle  i n s e r t s  
coated previous ly  i n  t h i s  program d id  no t  inc lude  t h e  t h r u s t  cham- 
b e r ;  t h e  maximum length  was about 3 ,5  i n .  I t  was found t h a t  
Neg, No. 34660 
F i g .  -44- Ta-1OW Rocket Nozzle A s  Received 
TABLE X X V I I  
SUMMARY OF IRIDIUM-BASE CQATING THICKNESS ON 
ROCKET NOZZLES SCHEDULED FOR ENGINE FIRING TESTS (a) 
Applied Applied Calcula ted  
Sur- Rhenium I r id ium Average 
Nozzle face  Coating Coating Thickness, 
I d e n t i -  Coating Area, Weight, Weight, m i l s  
f i c a t i o n  S u b s t r a t e  System cm2 g g Re Ir 
C 1  Tungsten I r / ~ e  330 62.0 47.0 3.3 2.5 
C2 Tungsten I r / ~ e  325 53.5 5500  2,9 3.0 
B 1  Ta-1OW I r / ~ e  435 64.0 7400 2.6 3.0 
~ 3 " )  Tungsten I r -20  
~ e / ~ e  330 50.0 48.0 2.7 2.6 
C5 (' ) Tungsten Ir 330 - - 5405  - - 2,9  
( a ) ~ o m i n a l  th ickness  - 3 mi l s  f o r  both Ir and Re. 
( b ) ~ r  app l i ed  i n  two cyc les .  
(')Both Ir and Re app l i ed  i n  two cycles .  
TABLE XXIX 
SUMMARY OF CARBIDE COATING THICKNESS ON 
ROCKET NOZZLES SCHEDULED FOR FIRING TESTS 
-- - 
Weight 
Applied Calcula ted  Change Calcula ted  
Nozzle Coating Average During Carbon 
I d e n t i -  Sub- Weight, Thickness, Carbur iza t ion ,  Content,  
f i c a t i o n  s t r a t e  g m i l s  g % 
( a ) ~ u p l e x  coated;  two nominal 10 m i l  coa t ings .  
l a r g e r  nozz les  i n  t h e  c u r r e n t  work r e q u i r e d  a  modified c o a t i n g  
technique .  I n i t i a l l y ,  t h z  rhenium c o a t i n g s  were a p p l i e d  on b o t h  
t h e  OD and I D  s u r f a c e  i n  one s i n t e r i n g  c y c l e .  A s i m i l a r  proce-  
d u r e  was used f o r  t h e  subsequent  i r i d i u m  c o a t i n g s ,  This  t ech-  
n i q u e  was used on nozz les  C l ,  C 2 ,  B2, and f o r  t h e  rhenium l a y e r  
c o a t i n g  on nozz l e  B 2 .  
I t  was found t h a t  a  d i f f e r e n c e  i n  s i n t e r i n g  behavior  was 
appa ren t  on t h e  I D  and OD s u r f a c e s .  Genera l ly  t h e  OD s u r f a c e  had 
b e t t e r  s u r f a c e  appearance than c o a t i n g s  on t h e  I D  s u r f a c e ,  p a r t i -  
c u l a r l y  f o r  t h e  rhenium c o a t i n g .  This  was appa ren t ly  due t o  a  
d i f f e r e n c e  i n  s u r f a c e  temperature  du r ing  s i n t e r i n g .  The OD s u r -  
f a c e  was heated by d i r e c t  r a d i a t i o n  from t h e  fu rnace  e lement ,  
whereas the I D  s ~ . l r f a c e  \tias Ilea ted by conduct ion i n  a  vacuum and a  
combinat ion of  conduct ion and convec t ion  du r ing  s i n t e r i n g  i n  argon 
atmospheres . The W / R ~  c o n t r o l  thermocouple was l o c a t e d  n e a r  t h e  
t h r o a t  on the  I D  of t he  n o z z l e ;  consequent ly ,  t h e  improved s i n t e r -  
i n g  behavior  of t h e  OD s u r f a c e  was appa ren t ly  due t o  a  h i g h e r  s u r -  
f a c e  tempera ture .  
Accordingly,  subsequent  duplex c o a t i n g s  were a p p l i e d  i n  
a  two s t e p  process  i n  which OD and I D  c o a t i n g s  were app l i ed  i n d i -  
v i d u a l l y .  I n  a d d i t i o n ,  a  100°F h ighe r  temperature  was used a s  t h e  
i n i t i a l  s t e p  of  s i n t e r i n g  ( c o l l a p s e  c y c l e )  f o r  I D  c o a t i n g s .  This  
t echnique  was e f f e c t i v e  i n  o b t a i n i n g  n e a r l y  comparable s u r f a c e  ap-  
pearance  on b o t h  OD and I D  s u r f a c e s .  The p o i n t  of  j u n c t i o n  f o r  
t h e  two c o a t i n g  c y c l e s  was l o c a t e d  on t h e  OD o f  t h e  nozz l e  about 
0 . 5  i n .  from the  nozz l e  e x i t .  A t  t h i s  p o i n t ,  t h e  i n d i v i d u a l  c o a t -  
i n g s ,  a s  a p p l i e d ,  were over lapped f o r  a  d i s t a n c e  of  about  0 .25 i n .  
No d i f f i c u l t i e s  were observed w i t h  t h i s  technique,  and i t  was used 
f o r  nozz l e s  B 4 ,  C3, C5, and f o r  t h e  i r i d i u m  c o a t i n g  o f  nozz l e  B 2 .  
A l l  s l u r r i e s  were a p p l i e d  by brush ing  i n  o r d e r  t o  con- 
s e r v e  b o t h  i r i d i u m  and rhenium powder. F i r s t ,  t h e  s l u r r i e s  were 
prepared  i n  t h e  a p p r o p r i a t e  p ropor t ions  and weight  t o  o b t a i n  t h e  
d e s i r e d  c o a t i n g  th i ckness  over  t h e  t o t a l  nozz l e  s u r f a c e ,  and 
blended by tumbling i n  a  g l a s s  c o n t a i n e r  f o r  16 h r .  The blended 
s l u r r i e s  were then halved,  suspended i n  the organic  vehic le ,  and 
appl ied  i n d i v i d u a l l y  t o  the  I D  and On s u r f a c e s .  Equal s l u r r y  
weights were applfed t o  both  I D  and OD. Because of l e s s e r  s u r -  
f a c e  a rea ,  the average s i n t e r e d  coat ing  thickness  was about 10% 
g r e a t e r  on the  I D  s u r f a c e .  The nominal coa t ing  thickness  was 
3  mils f o r  both rhenium and iridium-base c o a t i n g s .  
Rhenium s l u r r i e s  were app l i ed  by brushing a  Re-11.5Cu- 
3.5Al s l u r r y  on the  nozzle  s u r f a c e .  During s l u r r y  a p p l i c a t i o n ,  
t h e  nozzle  was slowly r o t a t e d  i n  a  h o r i z o n t a l  plane t o  improve 
uni formi ty  of the  as-appl ied  s l u r r y .  This technique was intended 
t o  minimize t h e  tendency toward depos i t ion  of a  th icke r  s l u r r y  a t  
t h e  t h r o a t  i n l e t ,  as  was observed i n  previous s lur ry-coated  noz- 
z l e s .  The s i n t e r i n g  c y c l e  f o r  the rhenium s l u r r y  coa t ing  con- 
s i s t e d  of an i n i t i a l  s i n t e r  i n  argon a t  2300-2400°F followed by a  
vacuum treatment  a t  2190-2400°F t o  remove t h e  Cu-A1 m e t a l l i c  ve- 
h i c l e .  A f i n a l  s i n t e r  was conducted i n  vacuum a t  3300°F f o r  1 h r  
t o  i n s u r e  bonding of  the  rhenium coa t ing  t o  the  s u b s t r a t e  as  w e l l  
a s  t o  provide a d d i t i o n a l  s i n t e r i n g  of t h e  coa t ing .  
I r id ium and Ir-20Re coat ings  were produced us ing  the  
Ir-30Cu and Ir-20Re-30Cu s l u r r i e s  descr ibed  i n  Sect ion  I I B .  The 
s  l u r r y  a p p l i c a t i o n  techniques were i d e n t i c a l  t o  those used f o r  
rhenium. S i n t e r i n g  was conducted a t  2200-2300°F i n  argon followed 
by vacuum treatment  a t  2190-2300°F. The f i n a l  s i n t e r  was a l s o  
conducted i n  vacuum a t  3300°F. 
Photographs of Ta-lOW nozzles  coated wi th  rhenium and 
the  Ir-Re duplex coa t ings  a r e  shown i n  Figures  45 and 46, respec-  
t i v e l y .  Tungsten rocket  nozzles wi th  the  i r id ium,  rhenium, I r /Re ,  
and 1 r - 2 0 ~ e / ~ e  coa t ings  a r e  shown i n  Figures  .- - 47, 48, 49, and- 50, 
r e s p e c t i v e l y .  
The I r /Re  duplex coated Ta-1OW nozzle  B l  was sec t ioned 
f o r  metal lographic examination. This nozzle  was sebec ted because 
i t  had the  roughest  I D  s u r f a c e  appearance of  the  t h r e e  Ta-lOW noz- 
z l e s .  Furthermore, i t  was the  f i r s t  Ta-lOW nozzle  on which the  
i r id ium e x t e r n a l  c o a t i n g  was appl ied  i n  a s i n g l e  s i n t e r i n g  cycle .  
Neg. No, 34855 
Fig.45 - Ta-1OW Rocket Nozzle B2 Coat 
with Rhenium Slurry Coating. 
Neg. No. 35447 
F i g .  46 - Ta-10W Rocket Nozzle B4 
Coated wi th  I r /Re  Duplex 
S lu r ry  Coating.  
Neg. No. 37034 
Fig.  47 - Tungsten Rocket Nozzle 65 
Coated with Iridium Slurry 
Coating. 
Neg. No. 36673 
Fig. 48 - Tungsten Rocket Nozzle C3 
Coated with Rhenium Slurry 
Coating . 
Neg. No. 35148 
F ig .  49 - Tungsten Rocket Nozzle C 2  
Coated w i t h  I r /Re  Duplex 
S lu r ry  Coating. 
Neg, No.  37033 
Fig .  50 - Tungsten Rocket Nozzle C3 
Coated with I r -ZoRe/~e  
Duplex Slurry  Cea t ing .  
The remaining two Ta-1OW nozz les  t o  b e  eva lua ted  i n  engine  f i r i n g  
t e s t s  were d u p l i c a t e s  a s  d e s i r e d ,  a t  l e a s t  i n  t h a t  t h e  e x t e r n a l  
p r o t e c t i v e  i r i d i u m  c o a t i n g  was a p p l i e d  by t h e  same p roces s .  
The Bl nozz le  was e l e c t r o p l a t e d  w i t h  n i c k e l  p r i o r  t o  
s e c t i o n i n g  f o r  meta l lographic  examinat ion,  Ra ther  than remove 
me ta l log raph ic  samples a t  s e v e r a l  l o c a t i o n s ,  t h e  nozz l e  was i n i -  
t i a l l y  s e c t i o n e d  t r a n s v e r s e  t o  t h e  nozz l e  a x i s  through t h e  t h r u s t  
chamber and then p a r a l l e l  t o  t h e  a x i s  f o r  t h e  f u l l  l e n g t h  of  t h e  
n o z z l e .  One h a l f  o f  t h e  nozz l e  s e c t i o n  was then  m e t a l l o g r a p h i c a l -  
l y  po l i shed  f o r  examination.  This  technique pe rmi t t ed  examination 
o f  t h e  f u l l  nozz l e  c r o s s  s e c t i o n  from t h e  t h r u s t  chamber t o  t h e  
n o z z l e  e x i t .  I t  d i d  have t h e  d i sadvan tage  t h a t  t h e  r e l a t i v e l y  
large.  sample c w l J  11oL b e  po l i shed  e a s i l y ,  The re fo re ,  t h e r e  was 
some q u e s t i o n  whether a l l  of  t h e  e f f e c t s  of  s e c t i o n i n g  were r e -  
moved by  subsequent  p o l i s h i n g .  
The t y p i c a l  m i c r o s t r u c t u r e  of  t he  I r / R e  duplex c o a t i n g  
on t h e  B 1  Ta-1OW nozz le  i s  shown i n  F i g u r e  51. This  photornicro- 
g raph  r e p r e s e n t s  t h e  s i n t e r e d  c o a t i n g  on the  I D  a t  t h e  e n t r a n c e  t o  
t h e  n o z z l e  t h r o a t .  The s u r f a c e  shown i s  n o t  l o c a t e d  a t  r i g h t  
a n g l e s  t o  t h e  s u b s t r a t e ,  t h e r e f o r e ,  c o a t i n g  th i cknesses  cannot  be  
determined a c c u r a t e l y  from t h e  magn i f i ca t ion .  P o r o s i t y  i s  e v i d e n t  
i n  b o t h  t h e  i r i d i u m  and rhenium l a y e r s ,  a l though  t h e  l a r g e  pores  
i n  t h e  i r i d i u m  l a y e r  may be  exaggerated a s  a  r e s u l t  o f  s e c t i o n i n g .  
A c l e a r l y  de f ined  i n t e r f a c e  i s  apparen t  between t h e  i r i d i u m  and 
rhenium l a y e r s .  The rhenium l a y e r  c o n t a i n s  a  r e l a t i v e l y  uniform 
d i s t r i b u t i o n  of f i n e  p o r o s i t y .  Larger  pores e x i s t  i n  t h e  i r i d i u m  
l a y e r ,  p a r t i c u l a r l y  a t  t h e  i n t e r f a c e  w i t h  t h e  rhenium l a y e r .  This  
i s  probably due t o  format ion  o f  a  I r - R e  a l l o y  l a y e r  du r ing  the  s l u r -  
r y  s i n t e r i n g  t r e a t m e n t s .  Other  l o c a l i z e d  d e f e c t s  a r e  a l s o  e v i d e n t  
i n  t h e  main body o f  t h e  i r i d i u m  l a y e r .  As p rev ious ly  d i scussed ,  
t h e r e  may have been an i n c r e a s e  i n  pore  s i z e  i n  t h e s e  a r e a s  be-  
c a u s e  o f  s e c t i o n i n g .  Furthermore,  t h e  u s e  of  a  s e p a r a t e  s i n t e r i n g  
c y c l e  f o r  t h e  i r i d i u m  e x t e r n a l  l a y e r  should have provided improved 
d e n s i t y  of  t h e  i r i d i u m  c o a t i n g s  on nozz les  B2 and B4. 
Re 
Re-Ta 
Ta -.low 
Neg. No, 36593 X250 
F i g .  5 1  - Micros t ruc ture  of I r f ~ e  Duplex Coated 
Nozzle B 3  a t  ID of Nozzle Throat. 
3 & .  Carbidz Coa 
------ 
Rocket nozzles B 7  and B8 were coated w i t h  the carbur ized  
Hf-10Ta-4.5C-0.4Si coa t ing  descr ibed  i n  Sect ion  I I C .  S lu r ry  prep- 
a r a t i o n  and a p p l i c a t i o n  was the  same as  t h a t  used f o r  i r id ium and 
rhenium c o a t i n g s .  A l l  powders were-325 mesh and s l u r r i e s  were ap- 
p l i e d  by brushing ,  Carbide coat ings  were appl ied  and s i n t e r e d  as  
two 10 m i l  l a y e r s  t o  e l imina te  the  p o s s i b i l i t y  of b l i s t e r i n g  ob- 
served dur ing  s i n t e r i n g  of 20-25 m i l  coa t ings .  Because s i n t e r i n g  
o f  ca rb ide  i s  n o t  temperature s e n s i t i v e  above 3300°F, both OD and 
I D  were coated i n  a  s i n g l e  s i n t e r i n g  cyc le .  The maximum s t a b l e  
temperature ob ta inab le  i n  the  furnace was 3350°F w i t h  the  l a r g e  
nozzles .  Accordingly, both  s i n t e r i n g  and c a r b u r i z a t i o n  was per-  
formed i n  argon a t  3350°F (ID temperature) f o r  2  h r .  F i n a l l y ,  t h e  
nozzles  were cleaned u l t r a s o n i c a l l y  i n  a lcohol  t o  remove r e s i d u a l  
g r a p h i t e  on t h e  s u r f a c e  p r i o r  t o  weighing f o r  t o t a l  carbon ca lcu-  
l a  t ions  . 
The t y p i c a l  s u r f a c e  cond i t ion  of the  ca rb ide  coated noz- 
z l e s  a s  s i n t e r e d  and carbur ized  a r e  shown i n  Figures  52 and 53, 
r e s p e c t i v e l y .  Calcula ted  coa t ing  thickness  on these  nozzles was 
about 19 m i l s  and the  f i n a l  carbon con ten t  5 .5  w/o as  shown i n  
Table X X I X .  
111. SUMMARY 
--- 
Work dur ing  the  c u r r e n t  year on t h i s  program cons i s t ed  of 
f o u r  a reas  of  i n v e s t i g a t i o n .  These a reas  included: (1) oxida t ion-  
c o r r o s i o n  s t u d i e s  , (2) development of Ir-Re/Re duplex coat ings  f o r  
tungs ten  and Ta -low, ( 3 )  development of  (Hf -1OTa)C coat ings  f o r  
tantalum base  a l l o y s ,  and (4) coa t ing  of rocket  nozzles f o r  en- 
g i n e  f i r i n g  t e s t s .  
Oxidat ion-corrosion t e s t s  were conducted on e i g h t  r e f r a c -  
t o r y  m a t e r i a l s  i n  flowing oxygen, f l u o r i n e ,  hydrogen f l u o r i d e ,  
f luorine-oxygen and hydrogen fluoride-oxygen atmospheres a t  3000"- 
5500°F. The mate r i a l s  evaluated included tungsten,  i r id ium,  
I r - 3 3  w/o Re, rhenium, ATJ g raph i t e ,  HfC-33 v/o C, TaC-20 v/o C ,  
Neg. N o .  36376 
Fig. 52 - Ta-1OW Rocket Nozzle B8 Duplex 
Coated with Hf-10Ta-4.5C-0.4Si 
Slurry Coating. 
Neg, No. 36375 
Fig .  53 - Ta-1OW Rocket Nozzle B7 Coated 
w i t h  Hf-Ta-C-Si S l u r r y  Coating 
a f t e r  Ca rbur i za t ion  a t  3350°F 
f o r  2 h r .  
and ZrB2-SLC-C. Surface  recess ion  r a t e s  i n  6 .5  v/o f l u o r i n e  and 
10 v/o hydrogen f l u o r i d e  measured i n  previous programs were ex- 
tended t o  a t  l e a s t  5000°F, o r  the  melt ing po in t  of the  m a t e r i a l .  
Oxidation atmospheres cons is ted  of 2 .3 t o  5 .4  v/o oxygen. The 
combined environments were 6.5 v/o F2-4.0 v/o 02 ,  6 .5  v/o F2- 
5 .4  v/o 02,  10 v/o HF-0.56 v/o 02, and 10 v/o HF-2.3 v/o Q 2 ,  
Oxidat ion-corrosion t e s t s  showed t h a t  the  i r id ium and 
Ir-33Re had the  lowest r ecess ion  r a t e s  t o  t h e i r  r e s p e c t i v e  melt ing 
po in t s  of 4450°F and 4750°F i n  a l l  environments. A t  5000°F, r h e n i -  
um had the  lowest r ecess ion  r a t e s  i n  t h e  combined environments. 
The h ighes t  r ecess ion  r a t e s  i n  fluorine-oxygen a t  5000°F were meas- 
ured f o r  ATJ g r a p h i t e ,  HfC-33 v/o C ,  and TaC-20 v/o C .  Z r B 2 - S i c - C  
could not  be exposed above approximately 4300°F because of  melt ing 
of the  composite. Oxida t ion-corros ion  t e s  t s  ind ica ted  t h a t ,  i n  
genera l ,  ma te r i a l s  which have only gaseous r e a c t i o n  products were 
r e s  i s  tan  t t o  the  combined environments only i n  the  temperature 
range i n  which they were r e s i s  t a n t  t o  t h e  i n d i v i d u a l  environments. 
The s u r f a c e  recess ion  r a t e s  of m a t e r i a l s  which form s o l i d  oxides 
( ca rb ide  and bor ide  composites) were l i k e l y  c o n t r o l l e d  by the  r a t e  
of oxida t ion ,  a t  l e a s t  above about 3500°F. 
Study of t h e  s i n t e r i n g  c h a r a c t e r i s  t i c s  of Ir-Re/Re 
s l u r r y  coa t ings  was conducted based on previous work on i r id ium 
and I r / R e  coa t ings .  I t  was found t h a t  the  s i n t e r i n g  c h a r a c t e r i s -  
t i c s  of Ir-20Re-30Cu s l u r r y  coat ings  were s i m i l a r  t o  unalloyed 
i r id ium.  High d e n s i t y  Ir-30Re coa t ings  could n o t  be obtained u s -  
i n g  a  copper veh ic le  and under the  s i n t e r i n g  condi t ions  used f o r  
i r id ium and Ir-20Re coa t ings .  Iridium-rhenium coat ings  were more 
prone t o  s u r f a c e  d e f e c t s  and incomplete s i n t e r i n g  than were una l -  
loyed i r id ium c o a t i n g s .  Limited s tudy of  I r / R e  duplex coat ings  
produced by i r id ium a p p l i c a t i o n  by the  s l u r r y  technique on CVD 
rhenium demonstrated t h a t  uniform d e f e c t  f r e e  coat ings  a r e  ob ta in -  
a b l e  by t h i s  method. 
I n v e s t i g a t i o n  of  s i n t e r e d  c a r b i d e  coa t ings  f o r  tantalum- 
base a l l o y s  was based on previous work on these  c o a t i n g s .  Carbide 
coatlags based on Hf-1OTa conta in ing  4-4.5 w/o C and 0.4 w/o S i  
were produced by s i n t e r i n g  i n  argon a t  3300"-3500°F. High dens i -  
t i e s  could n o t  be obtained i n  Hf-1OTa-C-Si s l u r r y  coat ings above 
4 , 5  w/o C i n  s l u r r i e s  conta in ing  .up t o  1 .5  w/o S i ,  It was found 
t h a t  s l u r r y  coa.tings conta in ing  4-4,5 w/o C, g r e a t e r  than 20 mils  
i n  th ickness  a f t e r  s i n t e r i n g ,  developed f ' b l i s t e r s "  during t h e  s i n -  
t e r i n g  process .  To e l imina te  t h i s  e f f e c t ,  20 m i l  ca rb ide  c o a t -  
ings  were produced by two-step a p p l i c a t i o n  and s i n t e r i n g  of 1 0 m i l  
coa t ings .  Carbur iza t ion  of  4-4.5 w/o C coa t ings  by s o l i d - s t a t e  
d i f f u s i o n  a f t e r  s i n t e r i n g  was e f f e c t i v e  i n  increas ing  the  t o t a l  
carbon content  t o  a t  l e a s t  5.5 w/o. Carb.urization was accom- 
p l i s h e d  by applying a  carbon s l u r r y  and hea t ing  i n  argon a t  3350"- 
3500°F f o r  2 h r ,  
Eight tungsten and Ta-1OW rocke t  nozzles  were coated 
wi th  t h e  i r id ium,  I r /Re ,  1r-20Re/Re, and ca rb ide  s l u r r y  coat ings  
f o r  engine f i r i n g  t e s t s .  These nozzles  cons i s t ed  of both nozzle  
and t h r u s t  chamber having an o v e r a l l  l eng th  ,up t o  6 i n .  and 440 
cm2 (68 i n O 2 )  coated su r face  a rea .  Two tungsten and two Ta7lOW 
nozzles  coated wi th  t h e  I r /Re  duplex s l u r r y  coat ing  were t o  be 
f i r e d  i n  hydrazine-ni t rogen t e t r o x i d e  p rope l l an t  on Contract  NAS7- 
460, The f i f t h  I r /Re  duplex coated Ta-1OW nozzle  was sec t ioned  
f o r  meta l lographic  examination a f t e r  s i n t e r i n g .  
The four  remaining coated rocke t  nozzles  a r e  t o  be eva l -  
ua ted  i n  a  f luor ine -con ta in ing  p r o p e l l a n t  system on Contract  NAS7- 
555. Rocket nozzles prepared f o r  t h e s e  f i r i n g  t e s t s  included two 
Ta-1OW coated with t h e  carbur ized  Hf-IOTa-4.5C-0.4Si s l u r r y  c o a t -  
ing .  Two t,ungsten nozzles ,  one coated wi th  t h e  i r id ium and t h e  
o the r  wi th  t h e  1r-20Re/Re duplex coa t ing  developed i n  t h e  program, 
w i l l  a l s o  be evaluated i n  t h e  f l u o r i n e  p r o p e l l a n t  system, 
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